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ABSTRACT 


A  perceptibility  study  was  conducted  to  visually 
determine  the  median  tolerance  values  of  45  color-difference 
vectors  in  CIELAB  color  space  using  surface  mode  viewing  of 
paint  samples.  Nine  different  color  centers,  each  compris¬ 
ing  five  color  vectors,  were  employed  to  collect  a  super¬ 
threshold  dataset.  .Fifty  color-<normal  observers  made 
quantal  judgements  und^r  simulated  D^  illuminant  regarding 
the  magnitude  of  color -f'di^erence  pairs  based  on  comparisons 
to  a  near-neutral  color rdifference  anchor  pair.  Probit 
analysis  was  applied  to  the  response  frequencies  for  each 
vector  to  estimate  the  parameters  of  the  distribution  and 
the  median  tolerance  values.  Results  indicated  the  probit 
adequately  models  the  response  distributions  of  the  human 
observer  population. 
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INTRODUCTION 

A  color  tolerance  is  defined  as  a  permissible  color 
difference  between  a  sample  and  a  particular  standard  under 
specified  conditions.^  Color  tolerance  determinations  can 
fall  into  two  categories,  acceptability  and  perceptibility, 
depending  on  the  judgement  basis  and  the  intent  of  the 
measurements.  In  the  former  case,  experiments  are  designed 
to  measure  preference  of  visual  magnitudes  of  color  differ¬ 
ences,  often  being  judged  by  experienced  (biased  and 
trained)  personnel.  The  perceptibility  case  indicates  an 
experiment  designed  to  objectively  measure  visual  magni¬ 
tudes  of  color  differences.^  This  latter  situation  is  the 
class  of  c o lor - di f f erence  tolerance  intended  for  study  in 
this  experiment. 

Numerous  perceptibility  experiments  have  been  per¬ 
formed  in  the  past  to  generate  datasets  for  c o 1 o r - d i f f e r - 
ence  s tudi e s . ^ ^ ^ ^ ^ ® ^  However,  over  the  range  of 
possible  difference  magnitudes  these  experiments  have 
collected  color  data  either  at  the  threshold  level,  as  in 
MacAdam's  investigation  of  j us t - no t i ce ab 1 e  difference  (jnd) 
ellipses,  or  at  large  difference  levels  typical  of  the 
Munsell  Color  System.  This  leaves  a  significant  data  gap 
in  the  supe r - thr e sho Id  region  representative  of  industrial 
c o 1 o r - d i f f e r enc e  tolerances.  In  order  to  develop  color- 


difference  equations  for  industrial  applications,  experi¬ 
mental  datasets  in  the  supe r - thr e sho 1 d  range  are  necessary 
for  the  basis  of  such  metrics. 

The  Colour  Difference  Subcommittee  of  CIE  has  made  an 
appeal  to  the  color  research  community  to  coordinate 
efforts  in  the  establishment  of  perceptibility  datasets 
over  the  entire  range  of  color  differences.^®  The  intent 
of  this  proposal  is  to  provide  a  structured  approach  to  the 
complicated  task  of  evaluating  color  difference  issues  and 
insure  that  data  is  collected  for  all  conditions  and 
stimuli  of  interest.  Because  past  experiments  have  focused 
on  threshold  or  large  color  differences,  efforts  will 
apparently  be  necessary  to  build  on  these  past  results  and 
furnish  the  needed  super  -  threshold  datasets. 

Many  parameters  can  affect  the  results  of  a  color- 
difference  study,  causing  variability  and  even  confusion 
between  different  experimental  results.  These  factors  as 
stated  by  Robertson^^  include, 

a.  Observer  variability 

b.  Size  of  color  difference 

c.  Sample  separation 

d.  Adaptation 

e.  Mode  of  appearance 

f.  Acceptability  vs.  perceptibility 

g.  Weighting  indices 

Major  differences  regarding  these  factors  in  earlier  color- 
difference  studies  from  one  experiment  to  another  often 
makes  comparison  of  results  difficult  at  best.  Because  of 


the  non-uniform  nature  of  CIE  tristimulus  and  the  derived 


chr oma t i c i ty  color  space,  and  the  numerous  related  param¬ 
eters,  experiments  must  be  designed  that  optimize  the 
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utility  of  the  anticipated  results.  Consideration  must  be 
given  to  the  augmentation  of  past  experimental  findings  and 
to  the  prevention  of  duplicating  efforts.  Therefore, 
experimenters  whose  collected  data  is  intended  for  communi¬ 
ty  consumption  must  design  their  research  in  a  manner  that 
permits  a  broad  range  of  applications  and  studies. 

In  establishing  a  perceptibility  data  base  for 
modeling  and/or  validating  co 1 o r - di f f e renc e  equations  a 
sound  statistical  analysis  must  be  performed  to  demonstrate 
the  merit  of  these  results.  Some  a  priori  understanding  of 
the  data's  statistical  nature  is  helpful  in  the  analysis  of 
results.  This  information  will  assist  in  selecting  a 
statistical  method  to  perform  the  data  analysis.  For 
c o 1  or - d i f f e r enc e  experiments  it  has  been  shown  that  the 
response  data  displays  a  normal  d i s t r ibu t i on . ^ ^ ^  This  is 
an  important  point  to  know  in  selecting  a  statistical  model 
for  analysis  and  a  basic  assumption  in  this  experiment. 

Probit  Anal vs  is 

Cer  tain  types  of  research  involve  exposing  subjects  to 
a  stimulus  in  varying  intensities  to  determine  their 
responses.  In  studies  involving  pass/fail  (quantal) 
responses,  such  as  the  mortality  of  insects  to  different 
levels  of  insecticide,  a  cumulative  response  curve  can  be 
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produced  by  plotting  percent  response  versus  stimulus 
intensity. Finneyl^  has  shown  that  for  data  of  this 
nature  which  has  a  normal  distribution,  the  sigmoid  curve 
of  the  cumulative  distribution  plot  can  be  linearly 
transformed  into  probits  and  fit  with  a  probit  model  by 
regression.  This  allows  the  researcher  to  make  response 
predictions  at  an  unlimited  number  of  intensity  levels 
(within  the  experimental  range)  from  a  minimal  amount  of 
data  points . 

Quantal  experiments  yield  either  an  occurrence  or  non¬ 
occurrence  dependent  on  the  strength  of  the  stimulus 
applied.  The  response  to  a  specific  stimulus  for  any  one 
subject  is  dependent  on  that  individual's  tolerance  level. 
For  a  given  population  the  frequency  of  response  as  a 
Sanction  of  'dose'  intensity  can  be  expressed, 

dP-fipii)dx  ( 1 ) 


where  x  is  the  dosage  level  and  dP  is  the  proportion  of  the 
population  whose  tolerance  lies  between  x  and  x+dx .  The 
proportion  of  subjects  who  would  respond  to  a  dose  strength 
X  or  less  is, 

P= j"  ( 2 )  .  1 3 

When  the  population  response  falls  in  a  normal  distribu¬ 
tion. 


Ax)= 


a^2n 


(3) 


where  the  mean,  ^i,  and  standard  deviation,  o,  represent  the 
parameters  that  characterize  the  particular  normal  distri- 
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bution  curve. 

The  shape  of  any  normal  distribution  curve  is  defined 
by  its  parameters  ^  and  o  .  By  Equation  (3)  each  curve 
is  symmetric  about  the  mean,  p  ,  and  has  two  inflection 
points  at  ±a  .  A  relative  description  of  the  normal 
probability  curve  can  be  specified  by  defining  a  z  scale 
along  the  abscissa  whose  intervals  are  equal  to  lo  (Figure 
1).  The  symbol  z  is  known  as  the  standard  normal  deviate 


and  is  calculated  by, 


By  combining  Equations  (2)  and  (3)  we  produce  the 


cumulative  distribution  function  for  a  normal  probability 


density  (Figure  2), 


P=F(x)= 


(5) 


where  X  is  a  particular  dosage  intensity.  Substituting 
colorimetric  variables  the  equation  becomes. 


1  <g-n 

P=F(^^£)=— 1— f^exp  ^  •  ddE  (6) 

where  DE  is  a  particular  color - di f ference  magnitude.  Now 
by  calculating  P  using  the  z  scale  Equation  (5)  becomes. 


(7) 


elotive  frequency 


-2,-1.  0,  +1,  +2, 

z  scale 


FIGURE  1.  Normal  Distribution  Relation  to  Z-scale^® 


0  X 


FIGURE  2.  Cumulative  Distribution  Function  for  a  Normal 
Probability  Density^^ 


where  Z  is  a  particular  value  on  the  z  scale. 


From 


Equation  (4)  we  show, 

Z=-^  (  8  ) 

O 

or  , 

(9). 

o 

Therefore  a  linear  relation  exists  between  the  dosage,  x, 
or  color - di f ferenc e  ,  dE,  and  the  standard  normal  deviate, 
z,  of  the  probability  of  response  at  that  level  of  stim¬ 
ulus  . 


A  probit  (probability  unit)  is  defined  as  simply  the 
standard  normal  deviate  increased  by  five,  producing  a 
relationship  with  dosage  ( col or - di f f erence )  expressed  as, 

Z^SH—)  (10). 

o 

This  provides  a  transformed  scale  along  the  abscissa  of  the 
normal  probability  curve  similar  to  Figure  1  except  that 
the  mean  corresponds  to  a  z  value  of  five  instead  of  zero. 
The  linear  Equation  (10)  can  be  rewritten  in  the  common 
f  orm  , 


Z=a+^x 


(11) 


where  a  ,  P  replace  ^  ,  o  respectively  as  the  new  param¬ 
eters  . 

When  the  values  of  Equation  (7)  are  plotted  as 
cumulative  percentage  of  response  versus  intensity  of 
stimulus  a  normal  sigmoid  curve  is  formed.  If  Equation  (7) 
is  instead  solved  for  probits  and  plotted  as  a  function  of 
stimulus,  a  linear  curve  is  produced  (Figure  3). 15  Notice 
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that  P  -  0.5  and  the  probit  value  of  five  coincide.  This 
is  the  dose  at  which  half  the  population  will  respond  and 
is  commonly  referred  to  as  the  median  effective  dose  or 
MD50  in  the  biological  community. For  this  experiment 
the  term  T50  is  substituted  in  place  of  MD50  to  denote  the 
median  co lor - d i f f e r ence  tolerance. 

In  order  to  solve  Equation  (7)  for  either  P  or  Z  the 
parameters  and  o  must  be  estimated.  This  is  performed 

by  fitting  the  linear  regression  of  probits  on  stimulus 
values  using  either  a  graphical  procedure  or  an  arithmeti¬ 
cal  process  known  as  maximum  1 ike 1 ihood . ^ ®  The  graphical 
method  is  a  rapid  and  sufficient  means  of  accurately 
satisfying  most  problems;  but,  in  cases  where  a  more 
accurate  assessment  is  required  the  maximum  likelihood 
technique  is  employed.  In  both  instances,  experimental 
results  relating  stimulus  to  response  frequencies  are 
converted  to  probits  and  fitted  to  a  straight  line.  From 
the  linear  parameters  a  ,  P  of  the  fitted  line  the  mean 
and  standard  deviation  can  be  calculated  for  the  probabili¬ 
ty  distribution  and  substituted  into  Equation  (5)  or  (6). 

To  determine  the  degree  of  conformance  to  a  normal 
distribution,  the  chi-squared  test  is  performed  on  the 
empirical  data.  A  value  of  chi-squared  within  the  bounda¬ 
ries  of  random  variation  signifies  agreement  between 
theoretical  and  empirical  data.  Chi-squared  values  larger 
than  the  limits  of  random  variation  are  caused  either  by 
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test  subjects  not  responding  independently  or  the  experi¬ 
mental  data  not  satisfactorily  matching  the  linear  curve 
relating  stimuli  to  probit. 

Ob  -j  e  c  t  i  ve 

There  is  an  expressed  need  in  the  colorimetry  community  to 
develop  perception  datasets  for  color  differences  in  the 
small  super  -  threshold  region. The  intended  aim  of 
this  experiment  is  to  develop  such  a  data  base  under 
conditions  appropriate  to  industrial  practice.  The 
experiment  uses  a  quantal  design  for  presenting  color- 
difference  stimuli  to  human  observers.  Probit  analysis  is 
applied  to  determine  the  frequency  of  response  at  which  50 
percent  of  the  observer  population  reject  a  given  color- 
difference  stimuli  when  compared  to  a  near  neutral  standard 
anchor  pair.  This  experiment  will  investigate  the  adequacy 
of  probit  analysis  to  estimate  co 1 o r - di f f e r enc e  tolerance 
levels  when  using  a  limited  number  of  sample  stimuli. 
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EXPERIMENTAL 


The  experimental  portion  of  this  study  is  described  in 
three  parts:  experimental  design,  materials  and  equipment, 
and  the  sample  observations. 

Experimental  Design 

In  most  scientific  endeavors  it  is  necessary  through 
advanced  planning  to  make  the  most  efficient  use  of  the 
research  data  collected  to  optimize  the  knowledge  gained  to 


the  effort  expended. 

This  endeavor  was 

no  exception  as 

i  t 

required 

many  hours 

of  valuable  human 

participation 

and 

input . 

Needless  to 

say  then,  the  most 

critical  part 

of 

this  experiment  was  its  initial  design. 

A  major  driver  in  the  experimental  design  was  the 
analysis  method  employed.  In  order  to  use  probits  the 
experiment  was  organized  to  permit  such  an  analysis. 
Therefore,  a  series  of  tolerance  judgements  by  human 
observers  were  designed  as  quantal  responses  to  color- 
difference  stimuli.  Co  1  or - di f f e r ence  vectors  were  sampled 
at  various  magnitudes  to  determine  the  median  tolerance, 
the  point  at  which  half  the  observer  population  responded 
to  a  level  of  stimuli.  This  is  the  level  of  tolerance  at 
which  P  =  0.5  (Equation  5  or  6).  In  this  experiment  a 
response  was  defined  as  a  rejection  of  a  c o 1  or - di f f e r enc e 
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stimulus  when  compared  to  a  near  neutral  anchor  color- 
difference  stimulus. 

The  experiment  concentrated  on  nine  color  centers 
systematically  distributed  in  CIELAB  color  space  (Figure  4) 
to  most  effectively  cover  the  range  of  chromatic  variables. 
Such  a  distribution  permitted  the  sampling  of  eight  diff¬ 
erent  hues  and  three  levels  of  chroma.  The  color  positions 
correspond  to  a  gtay  center,  four  medium  chroma  hues 
(orange,  yellow- green ,  cyan,  purple),  and  four  high  chroma 
hues  (red,  blue,  green,  yellow).  The  lightness  values 
varied  to  positions  recommended  by  the  CIE^^  for  five  of 
the  experimental  color  centers  (Figure  5).  This  produced  a 
sampled  lightness  plane  generally  slanted  downward  from 
yellow  (L*  =  78)  to  blue  (L*“=35). 

Each  color  center  was  comprised  of  five  color  vectors 
oriented  to  sample  the  following  color  changes: 

Vector  Color  Change 


A 

-L* 

to  L* 

B 

-  a 

to  a* 

C 

-b* 

to  b 

D 

* 

-  a 

-  b*  to 

+  a 

E 

★ 

-  a 

-t-b*  to 

+  a 

This  sampling  design  is  illustrated  in  Figure  6.  Along 
each  vector  nine  sample  positions  were  prepared  at  -2,  -1, 

-0.5,  -0.25,  0,  0.25,  0.5,  1,  2  CIELAB  units  from  the 


center  point.  From  these  samples  it  was  possible  to 
construct  color  -  difference  pairs  with  no  change  (AE^^j-O)  to 
pairs  with  relatively  large  color  change  (AE^^^-A).  Pair 
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FIGURE  5  .  CIE  Reconimen 


FIGURE  6. 


Color  Sampling  Design  within  a  Color  Center. 
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combinations  were  produced  to  provide  adequate  color- 
difference  sampling  around  the  AE*^,-1  magnitude.  When 
producing  co I or - d i f f e r ence  pairs  an  effort  was  made  to 
evenly  distribute  sampling  along  the  range  of  -2  to  2  so  as 
not  to  bias  any  segment  of  the  sampled  vector  space. 

For  probit  analysis  to  be  applicable  in  this  experi¬ 
ment,  the  samples  selected  along  each  color  vector  had  to 
form  a  collinear  set  in  each  instance.  To  insure  this 
criterion  was  met,  eigenvectors  were  calculated  for  each  of 
the  45  color  vectors.  Principal  components  analysis  was 
applied  for  this  determination  to  identify  the  fraction  of 
variance  associated  with  the  principal  direction  of  color- 
difference  change.  By  confirming  a  coaxial  sampling 

distribution  the  observed  responses  could  suitably  be 
described  with  a  univariate  distribution  model. 

In  order  to  collect  tolerance  data  typical  of  commer¬ 
cial  color  decisions  ( super  -  threshold)  ,  a  standard  or 
anchor  c  o  1  o  r  -  d  i  f  f  e  r  enc  e  magnitude  pair  of  was 

employed  throughout  the  experiment.  Judgements  regarding 
the  acceptance  or  rejection  of  co lor - di f f e rence  stimuli 
were  based  on  a  visual  comparison  between  the  stimulus  pair 
and  the  anchor  pair.  By  comparing  different  magnitudes  of 
color  differences  to  a  known  standard,  we  were  able  to 
determine  the  visual  equivalent  difference  for  each  of  the 
color  vectors.  The  anchor  pair  selected  for  comparison  was 
a  near  neutral  gray  varying  in  all  color  dimensions 
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(L*,a*,b*)  so  as  to  excite  all  channels  of  the  visual 
system.  This  type  of  variation  in  the  anchor  pair  dupli¬ 
cated  lightness  and  chromatic  changes  that  occurred  in  the 
sample  pairs . 

Because  the  median  tolerances  of  concern  lie  on  the 
sloping  segment  of  the  sigmoidal  response  curve  (Figure  3) 
it  was  critical  that  this  region  be  the  concentration  of 
our  sampling  effort.  In  order  to  coarsely  locate  this  area 
of  the  curve  for  each  color  vector  a  preliminary  observa¬ 
tion  experiment  was  performed  with  a  small  population 
(relative  to  the  subsequent  main  experiment)  and  limited 
c o 1 o r - d i f f e r enc e  sampling.  By  preceding  the  main  observa¬ 
tion  experiment  with  a  pilot  test  we  tailor  fit  the  final 
sampling  for  each  color  vector  to  insure  that  the  region  of 
the  response  curve  undergoing  change  was  adequately 
bracketed . 

Materials  and  Equipment 

The  major  tools  employed  in  this  experiment  were  the 
color  sample  materials  and  a  light  booth.  Both  required 
significant  amounts  of  preparation  and  measurement  prior  to 
executing  the  observation  experiments. 

Color  samples  were  produced  and  contributed  to  this 
effort  by  E.I.  Du  Pont  De  Nemours  &  Company  (Inc.), 
Research  &  Development  Division,  Troy,  MI  courtesy  of  Dr. 
David  H.  Alman,  Research  Associate  with  the  Color  Opera- 
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tions  Group.  These  materials  were  then  used  in  the 
fabrication  of  c o 1 o r - d i f f e r enc e  samples  used  in  the 

observation  activities. 

A  light  booth  provided  the  proper  and  constant 
illumination  environment  used  throughout  the  sample 
observations.  This  valuable  piece  of  equipment  was 

provided  by  the  RIT  Munsell  Color  Labc-ratory. 

Color  sample  materials  used  in  this  activity  were 

composed  of  glossy  acrylic  paints  sprayed  on  an  aluminum 
substrate  or  tile.  This  paint  type  provided  a  stable  and 
durable  color  medium  essential  to  providing  an  undeviating 
color  -  difference  sample  set  through  the  duration  of  the 
experiment.  For  each  of  the  nine  color  centers  sampled, 

five  vector  sets  were  produced  according  to  the  intended 

design.  Within  each  center  the  first  vector  (Set  A)  was 
perpendicular  to  the  plane  formed  by  the  remaining  vectors 
and  incrementally  sampled  color  exclusively  in  the  L 
dimension.  The  other  four  vectors  (Sets  B,C,D,E)  incremen¬ 
tally  sampled  chromatic  differences  along  directions 
depicted  in  Figure  6  and  described  earlier  in  the  experi¬ 
mental  design.  For  a  given  color  set,  all  of  the  samples 

were  prepared  from  combinations  of  four  colorants  to 
produce  simple,  nonmetameric  spectral  variations  within 
c o 1 or - d i f f e r enc e  pairs. 

A  single  gray  vector  set,  different  from  the  gray 
color  center  vectors,  was  used  to  fabricate  the  near 
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neutral  anchor  color  -  difference  pair  employed  as  a  judging 
standard.  This  anchor  vector  changed  in  all  three  color 
dimensions:  decreasing  L* ,  b*  and  increasing  a*.  This 

vector  was  sampled  in  the  same  increments  as  the  color 
center  vectors.  A  pair  of  samples  was  selected  from  this 
anchor  set  to  produce  a  color- difference  of  approximately 
AE*b-l. 

An  adequate  number  of  replicates  (2  to  3)  for  any 
given  vector  sample  point  were  provided.  This  allowed  room 
for  mistakes  or  damage  in  cutting  the  aluminum  tiles  to  the 
proper  size.  Also,  since  each  replicate  had  a  slightly 
different  color  coordinate,  some  variability  was  built  in 
to  allow  the  selection  of  the  best  sample  point  in  tailor¬ 
ing  CO  1 o r - di f f e r enc e  pairs. 

Color  measurements  were  performed  on  all  color  tiles 
received  prior  to  the  observation  experiments.  Measure¬ 
ments  were  taken  on  a  Hunterlab  Labscan  Spectrophotometer 
(Model  LS-5100)  containing  a  circular  interference  wedge 
monochromator  and  a  silicon  photodiode  detector.  All 
measurements  took  place  using  a  single  beam,  0/45  circum¬ 
ferential  geometry.  Illumination  was  provided  by  a 

filtered  quartz -halogen ,  D55  simulator.  Prior  to  measuring 
color  tiles  the  spectrophotometer  was  allowed  to  warm-up 
for  at  least  forty  minutes.  Initial  standardization  and 
calibration  of  the  equipment  was  accomplished  as  directed 
in  the  instrument  manual  before  sample  measurements  took 


place.  During  the  measurement  procedure,  the  instrument 
was  zeroed  and  standardized  again  after  approximately  every 
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thirty  tiles.  A  five  centimeter  (cm)  aperture  was  placed 
on  the  sample  port  of  the  instrument  for  all  measurements. 

Following  color  measurements,  tiles  were  sized  so  that 
two  sample  tiles  placed  side-by-side  subtended  a  ten  degree 
angle  from  the  eye  of  an  average  observer  under  experiment¬ 
al  conditions.  With  a  sample  pair  placed  in  the  center  of 
the  light  booth  and  the  observer  seated  in  such  a  manner  to 
permit  a  viewing  geometry  of  45°,  the  average  distance,  L, 
from  eye  to  sample  (Figure  7)  was  measured  and  the  required 
sample  size  calculated  to  produce  a  10°  pair.  Sample  tiles 
were  calculated  to  be  6.5  cm  on  a  side  in  order  to  subtend 
a  10°  Standard  Observer  viewing  angle. 

It  was  important  when  preparing  the  color - d i f fe rence 
pairs  that  the  two  adjacent  sample  tiles  provide  an  exact 
border  to  allow  precise  observer  assessment  without 
unnecessary  distraction.  Since  the  tiles  to  be  used  in 
sample  pair  preparation  required  cutting  to  proper  dimen¬ 
sions,  a  precise  instrument  was  utilized  to  minimize  damage 
to  the  paint  finish  of  the  sample  edges.  This  was  accom¬ 
plished  using  a  hydraulic  sheet  metal  cutter  located  at  the 
RIT  City  Center  Campus  machine  shop. 

Once  cut  to  size,  the  samples  were  paired  to  obtain 
desired  c o lor - di f f e r enc e  values.  Sample  pairs  were  then 
mounted  adjacent  to  one  another  on  a  gray  aluminum  tile 


blank  (the  same  as  used  in  sample  preparation).  Double¬ 
sided  tape  was  used  to  adhere  the  samples  flat  to  the  gray 
blanks  and  obtain  a  tight,  clean  adjoining  interface 
between  samples.  The  gray  mounting  tiles  were  measured 
with  the  Labscan  Spectrophotometer  to  be, 

L*-  38.26  +0.22 

a*  -  -0 . 76  ±0.07 

b*  =  -0.71  ±0.17 

using  25  randomly  selected  tiles.  The  actual  sample 
configuration  is  shown  in  Figure  8. 

The  tolerance  judgements  were  all  made  under  simulated 
D55  illuminant.  This  viewing  environment  was  provided  by  a 
MacBeth  Spcctralight  SPL-65  (Model  PPM  01)  booth  using  a 
filtered  tungsten  source.  In  order  to  provide  a  constant 
viewing  background,  gray  matte  board  was  placed  in  the 
bottom  of  the  booth  to  match  the  gray  tile  mounts  as 
closely  as  possible.  Using  the  Labscan  Spectrophotometer 
the  matte  board  measured:  L*“39.41,  a*“0.94,  b*“1.51.  To 

minimize  reflection  from  the  booth's  back  panel  a  piece  of 
black  felt  cloth  was  used  as  a  cover. 

After  configuring  the  light  booth  a  spectral  power 
distribution  was  performed  to  measure  how  well  the  booth 
simulated  Illuminant  D55  spectral  characteristics. 

Sample  Observations 

This  section  will  be  discussed  in  four  parts: 
observer  population,  judgement  presentation,  pilot  test. 
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and  main  experiment. 

Fifty  observers  participated  in  the  experiment  to 
obtain  a  statistically  adequate  population  size.  Two 
criterion  were  satisfied  when  selecting  observers  to  judge: 
1)  they  had  no  past  experience  in  judging  color  differences 
or  color  matching,  and  2)  they  were  determined  to  be  color- 
normal  observers.  Visual  anomalies  were  tested  for  prior 
to  the  first  sample  viewing  using  a  Dvorine  (Ishihara)  Test 
containing  fifteen  plates.  The  population  was  comprised  of 
mostly  college  students,  with  no  professional  or  experi¬ 
enced  color  matchers  included  in  this  group. 

In  order  to  acquire  a  consistent  response  dataset, 
observer  preparation  and  instruction  were  uniformly 
administered  to  minimize  variability  of  understanding  and 
performance.  In  addition,  the  viewing  sessions  were 
accomplished  in  multiple,  short  segments  of  15-20  minutes 
each  to  prevent  observer  fatigue  and  resultant  poor 
decisions.  A  strong  effort  was  made  to  treat  each  observer 
equally  and  expose  each  to  identical  conditions  under  which 
to  perform. 

All  judgements  were  made  using  the  same  light  booth 
described  earlier  under  simulated  0^5.  Each  observer  was 
allowed  at  least  three  minutes  to  become  adjusted  to  the 
illumination  environment  of  the  booth.  During  this  visual 
adjustment,  seating  was  arranged  to  permit  comfort  and  to 
insure  a  45°  viewing  angle  with  the  center  of  the  light 
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booth's  bottom  panel  where  comparisons  would  take  place. 
Only  after  being  properly  acclimated  to  the  viewing 
conditions  were  the  observers  allowed  to  start  testing  and 
making  co lor - di f f er ence  comparisons. 

For  first  time  observers  a  Dvorine  Test  and  a  D6eH  Test 
were  administered  and  the  results  recorded  along  with  the 
observer's  age.  Subsequent  observation  sessions  did  not 
repeat  these  visual  testings.  The  Dvorine  Test  consisted 
of  fifteen  plates  for  which  all  candidate  observers  were 
required  to  obtain  a  perfect  score.  If  any  plates  were 
missed  a  second  Dvorine  Test  was  given  using  fifteen 
different  plates.  Individuals  not  receiving  a  perfect 
score  on  the  second  test  were  dismissed  as  not  color  normal 
and  omitted  from  further  participation.  The  D&H  Test  was 
not  used  to  determine  color  normalcy  and  was  not  used  to 
exclude  candidates  from  viewing. 

In  all  viewing  sessions,  observers  were  provided  with 
procedural  ground  rules  prior  to  making  comparisons . 
Observers  were  instructed  to  place  the  anchor  pair  flat  in 
the  center  of  the  booth.  Next,  they  placed  the  sample 
c  o  1  or  -  di  f  f  e  r  enc  e  tile  to  be  judged  next  to  the  anchor  as 
shown  in  Figure  9.  The  observers  were  then  directed  to 
evaluate  the  visual  color  -  difference  magnitude  of  the 
sample  pair  with  respect  to  the  color  -  difference  magnitude 
of  the  anchor.  Observers  were  asked  to  judge  the  sample 
pair  as  acceptable  if  it  appeared  to  have  a  smaller  color- 
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difference  than  the  anchor  or  reject  the  sample  pair  if  it 
appeared  to  have  a  larger  color - di f fe renc e  than  the  anchor. 
The  individual  was  asked  to  place  the  sample  tile  in  one  of 
two  containers  labeled  either  "ACCEPT"  or  "REJECT"  depend¬ 
ing  on  the  decision  and  to  continue  the  procedure  with  the 
next  available  sample  tile.  Comparisons  of  co lor  -  di f f er - 
ence  sample  pairs  with  the  anchor  were  accomplished  one  at 
a  time  and  in  the  order  presented.  Observers  were  asked 
not  to  persist  on  a  particular  sample  for  more  than  about 
five  seconds  but  to  proceed  with  their  initial  interpreta¬ 
tion. 

Presentation  of  the  sample  tiles  was  ordered  so  as  to 
minimize  superfluous  psychological  contributions.  There¬ 
fore,  the  experiment  was  arranged  to  diminish  the  biasing 
phenomenon  associated  with  the  prolonged  viewing  of  a 
single  color  and  its  affect  on  the  subsequent  viewing  of  a 
different  color.  For  this  reason,  co lor - di f fe r ence  sample 
tiles  were  presented  to  the  observer  in  a  random  fashion  so 
that  the  eye  did  not  become  "tuned"  to  any  particular 
color.  Samples  were  randomized  using  an  International 
Mathematical  and  Statistical  Libraries  Inc.  (IMSL)  routine 
called  GGPER.25 

The  observation  experiment  was  executed  in  two  phases, 
the  first  of  which  was  a  pilot  test.  The  primary  objective 
of  the  pilot  test  was  to  roughly  approximate  the  median 
color  -  difference  tolerances  so  the  main  experiment  could 
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properly  bracket  the  region  of  interest  along  the  response 
curve.  The  secondary  goal  achieved  by  the  pilot  was  to 
test  the  presentation/viewing  procedure  to  detect  any  flaws 
or  problems  that  were  not  anticipated. 

For  this  initial  testing  of  tolerance  levels  approxi¬ 
mately  the  same  co 1 or  -  difference  samples  were  produced  for 
each  color  vector.  In  order  to  evaluate  a  wide  range  of 
possible  color  differences  the  sampling  increments  were 
designed  to  include  AE*^,s  of  0.5,  1,  2,  3,  4  for  all 

vectors.  These  color  -  difference  pairs  were  prepared  using 
the  procedure  described  earlier.  Ten  observers  were  used 
to  judge  these  225  c o 1 or - di f f e r ence  samples  against  the 
same  anchor  pair  later  used  in  the  main  experiment. 
Samples  were  presented  in  the  same  randomized  order  for  all 
subjects.  Observers  judged  samples  in  a  variety  of  session 
numbers  and  lengths  to  determine  the  number  of  samples  an 
observer  could  view  in  a  single  session  before  becoming 
fatigued. 

Approximate  c o 1 or - dif f e rence  tolerances  were  deter¬ 
mined  by  inspection  of  the  pilot  test  results.  All  but 
four  vectors  showed  values  of  reasonable  tolerance  magni¬ 
tudes.  The  four  exceptions  (Blue,  E-Set;  Green,  B-Set; 
Purple,  E-Set;  Yellow,  C-Set)  displayed  larger  color- 
difference  tolerances  than  expected.  In  double  -  checking 
the  preparation,  measuring  and  recording  of  samples  used 
for  these  vectors  no  deviations  were  found  and  so  was 
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determined  to  further  test  these  four  color  vectors  using 
the  same  color  -  difference  samples  but  increase  the  observer 
population  to  twenty.  The  results  of  this  expanded  pilot 
test  provided  more  reasonable  tolerances  with  which  to 
prepare  samples  for  the  main  experiment. 

Sampling  for  the  main  experiment  was  tailored  accord¬ 
ing  to  the  findings  of  the  pilot  test.  The  number  of 
c o 1 or - di f f e r ence  samples  prepared  for  each  vector  was  kept 
to  between  six  and  nine  based  on  the  confidence  with  which 
the  pilot  tests  estimated  the  location  of  the  median  toler¬ 
ances.  The  main  experiment  consisted  of  317  samples  spread 
through  all  45  color  vectors.  Fifty  observers  participated 
in  this  phase  viewing  the  total  number  of  samples  within 
four  separate  sessions. 

To  avoid  color  biasing,  sample  pairs  were  randomly 
ordered  for  presentation  to  observers.  A  random  list  from 
1  to  317  was  generated  using  the  IMSL  routine  mentioned 
earlier,  and  divided  into  four  groupings  of  79,  79,  79,  80 
to  make  up  the  blocks  of  samples  to  be  presented  in  the 
four  sessions.  The  four  blocks  were  then  presented  in 
random  order  to  vary  the  experience  level  at  which  differ¬ 
ent  observers  viewed  the  same  block  of  samples.  By 
altering  the  order  of  presentation  from  one  participant  to 
the  next,  blocks  were  viewed  at  a  similar  mix  of  observer 
experience  . 
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RESULTS 


Color  Sample  Measurements 

All  color  tiles  used  in  this  experiment  were  measured 
to  determine  CIELAB  coordinates  L* ,  a*,  b*  prior  to  the 
fabrication  and  viewing  of  color - di f ference  samples.  Color 
measurements  were  performed  using  the  spectrophotometer 
described  earlier  in  the  Experimental  Section.  Calibration 
and  standardization  of  the  instrument  were  accomplished 
with  strict  adherence  to  procedures  stated  in  the  equipment 
operating  manual  before  and  during  the  measurements.  Tiles 
were  handled  with  white  cotton  gloves  at  all  times  to  avoid 
fingerprints  and  smudging  that  might  alter  the  measurement 
results.  During  this  procedure  .  '.les  were  visually 
inspected  for  defects  such  as  warping  or  blemishes  caused 
in  preparation  that  could  affect  accurate  measurement. 
Tiles  discovered  to  have  such  imperfections  were  properly 
noted  and  recorded.  Of  the  approximately  1500  color  tiles 
measured  only  five  were  noted  to  possess  such  physical 
anomalies  and  none  of  these  were  subsequently  used  in  the 
preparation  of  c o 1 o r - d i f ference  samples. 

The  yellow  color  center  required  three  attempts  to 
produce  a  complete  set  of  five  satisfactory  color  vectors. 
In  the  first  iteration  vectors  B  (-a*  to  a*),  D  (-.*  -b*  to 
+  a*  +b*),  and  E  (-a*  +b*  to  +a*  -b*)  were  the  only  useful 
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sets  produced.  Sets  A  (  -  L*  to  L* )  and  C  ( -b*  to  b*)  were 
determined  unsatisfactory  due  to  excessive  a*  change  in 
both.  In  a  second  attempt  to  produce  A  and  C,  success  was 
met  only  for  the  latter  case.  A  third  attempt  was  required 
to  finally  produce  a  useful  yellow  lightness  vector. 

In  producing  the  near  neutral  anchor  vector  used  to 
select  a  color- difference  standard  for  comparison,  success 
took  two  attempts.  The  first  try  did  not  produce  enough  a 
change  along  the  color  vector  to  effect  an  anchor  pair 
changing  in  all  three  dimensions  of  CIELAB  space. 

Co 1 o r - di f f e r enc e  magnitudes  used  for  the  pilot  test 
were  systematically  selected  for  each  color  vector.  In  all 


45  color 

vectors,  five 

samples 

were  prepared 

for 

each 

having  co lor - d i f f erences 

of  0.5, 

1  ,  2 ,  3  ,  and 

4  . 

The 

initial 

spectrophotometer  measurements  were 

used 

to 

calculate  the  exact  AEab  values  for  each  sample  pair. 
These  values  are  found  in  Appendix  A  for  each  sample  pair 
used  in  the  pilot  including  the  anchor  pair. 

Because  of  the  problems  in  producing  satisfactory  A 
and  C  vectors  for  the  yellow  color  center  some  concessions 
were  made  in  producing  color- difference  pairs.  For  the 
yellow  C  color  set,  samples  were  prepared  from  the  second 
attempt  which  had  been  successful.  The  yellow  A  set 
required  three  attempt."  to  produce  a  usable  vector  set. 
However,  to  avoid  delays  in  receiving  samples  from  the 
third  attempt  it  was  decided  to  use  the  first  attempt  for 


the  pilot.  This  still  allowed  for  a  rough  determination  of 
the  threshold  point  along  the  vector  even  though  an  optimum 
vector  direction  was  not  employed. 

The  selection  of  color  -  difference  pairs  for  the  main 
experiment  varied  by  vector  set  based  on  the  rough  toler¬ 
ance  levels  determined  in  the  pilot  test.  Exact  measure¬ 
ments  of  the  selected  color  -  difference  sample  pairs  and 
anchor  pair  used  in  this  phase  of  the  study  are  tabulated 
in  Appendix  B . 

Principal  Components  Analysis 

In  order  to  employ  probit  analysis  on  the  results  of 
the  main  experiment,  each  of  the  sampled  color  vectors  was 
required  to  be  linear  in  nature.  This  requirement  existed 
for  the  reason  that  the  tolerance  determinations  be  based 
on  a  single  variation  of  stimulus  in  each  vector  set.  To 
determine  the  degree  of  linearity  in  each  vector,  principal 
components  was  applied  to  determine  the  eigenvalue  of  the 
dominant  vector  direction.  A  principal  components  analysis 
routine  provided  by  the  SAS  Institute,  Inc.^^  was  used  to 
determine  the  eigenvector/eigenvalue  of  the  first  component 
within  CIELAB  color  space.  The  results  of  this  analysis 
are  contained  in  Table  1. 


Light  Booth  Measurements 

Throughout  this  experiment  all  sample  observations 
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TABLE  1.  Principal  Components  Analysis  Results 


Color 

Vector 

Ei eenvec  tor 

Eigenvalue 

dL* 

da* 

db* 

Blue 

A 

0.985 

0 .173 

-0 . 013 

0.9987 

B 

-0.017 

0 .997 

-0 . 078 

0 .9989 

C 

-0.134 

0 .295 

0 . 946 

0.9990 

D 

-0.018 

0 .720 

0 . 694 

0 .9957 

E 

-0 . 042 

-0.339 

0 . 940 

0.9995 

Cyan 

A 

0.998 

0.032 

-0 . 044 

0 .9997 

B 

-0.076 

0 .996 

-0 . 049 

0 .9997 

C 

-0 . 078 

0 . 351 

0.933 

0 .9993 

D 

-0 . 007 

0 .813 

0 .582 

0 . 9982 

E 

0 .018 

-0.486 

0.874 

0 .9993 

Gray 

A 

0.999 

0 . 041 

0 . 025 

0 .9995 

B 

-0 . 084 

0 . 990 

-0.114 

0 .9984 

C 

-0.029 

0.099 

0.995 

0 .9968 

D 

-0 . 007 

0.763 

0 . 647 

0 . 9981 

E 

-0 . 007 

-0 . 644 

0. 765 

0 . 9968 

Green 

A 

0.997 

0.083 

0 . 005 

0 .9993 

B 

0 . 004 

0.996 

-0 . 090 

0 .9969 

C 

-0.010 

0 . 266 

0 .964 

0 .9960 

D 

0.012 

0 . 847 

0.531 

0 .9925 

E 

0 . 052 

-0.666 

0 . 744 

0 . 9992 

Orange 

A 

0.993 

0.086 

0 . 082 

0 . 9987 

B 

-0 . 049 

0.993 

0 . 105 

0 . 9987 

C 

0.068 

0 .138 

0.988 

0.9990 

D 

-0.021 

0.751 

0 .659 

0 .9996 

E 

-0 . 069 

0 . 747 

-0.662 

0.9979 

Purp 1 e 

A 

0.995 

-0 . 005 

0 . 096 

0 . 9994 

B 

0 .030 

0 .991 

-0.134 

0 .9978 

C 

0 .058 

0.087 

0.995 

0.9968 

D 

0 . 064 

0.815 

0.576 

0.9955 

E 

-0 . 066 

-0 . 609 

0 . 790 

0 . 9991 

Red 

A 

0 . 999 

-0.031 

-0.014 

0.9933 

B 

0.014 

1 . 000 

0 . 002 

0 .9959 

C 

-0.015 

-0 . 004 

1 . 000 

0 .9959 

D 

0 . 008 

0 .689 

0.725 

0 . 9985 

E 

-0 . 041 

-0.616 

0.787 

0.9953 

Yellow 

A 

1 . 000 

0.015 

0 .022 

0.9985 

B 

0 . 058 

0.985 

0 . 162 

0 .9991 

C 

0 . 130 

0.079 

0 .988 

0 . 9995 

D 

0 . 160 

0.637 

0.754 

0 . 9933 

E 

-0 . 009 

0.790 

-0 . 613 

0 .9990 

Yellow- 

A 

0.992 

-0 . 117 

0 .038 

0.9996 

Green 

B 

-0.010 

0.989 

-0 . 149 

0 .9961 

C 

-0.033 

0 . 008 

0.999 

0.9996 

D 

-0.163 

0.729 

0.664 

0.9971 

E 

0.084 

-0.559 

0.825 

0 . 9997 

were  performed  under  simulated  Dg5  illuminant.  This  was 
accomplished  by  use  of  the  MacBeth  light  booth  described  in 
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the  Experimental  Section.  To  insure  the  booth  used  for 
sample  viewing  accurately  simulated  the  Intended  illumi¬ 
nant,  a  spectral  power  distribution  was  performed  to 
characterize  the  illumination  actually  generated  by  the 
booth.  Figures  10  and  11  portray  the  expected  distribution 
for  Dg5  and  the  measured  distribution,  respectively. 

Pilot  Test  Response 

A  preliminary  test  response  was  conducted  to  coarsely 
determine  the  location  of  tolerance  levels  visually 
equivalent  to  the  AE3|j-=l  near  neutral  anchor  pair.  An 
initial  population  of  ten  color-normal  observers  was 
employed  to  view  225  color- difference  pairs. 

Prior  to  making  visual  comparisons  all  observers  were 
required  to  pass  a  Dvorine  Test  in  order  to  establish  color 
normalcy.  In  all  ten  cases  a  perfect  response  was  scored 
by  the  observer  on  the  test. 

After  allowing  sufficient  time  to  adjust  to  the 
viewing  environment  of  the  light  booth  (at  least  three 
minutes),  and  being  properly  instructed  on  the  rules  and 
criterion  for  judging,  observers  were  presented  color- 
difference  samples  in  a  random  order  of  colors  and  magni¬ 
tudes.  Following  the  viewing  session,  results  were 
recorded  of  the  visual  judgements  for  each  sample  pair. 
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Appendix  C  contains  the  cumulative  rejection  response  of 
the  observer  population  for  each  color  vector. 
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Approximate  co 1 or - di f f erence  tolerance  levels  were 
identified  based  on  inspection  of  the  response  frequencies 
collected  from  this  preliminary  test. 

As  a  result  of  the  pilot  test  four  vector  sets 
displayed  unexpectedly  high  tolerances.  Due  to  this 
outcome  these  vectors  (Blue-E,  Green-B,  Purple-E,  Yellow- 
C)  were  subjected  to  an  expanded  viewing  population  of 
twenty.  The  results  recorded  in  Appendix  C  include  this 
increased  number  of  judgements  for  these  four  cases. 

Main  Experiment  Response 

The  main  experiment  collected  the  visual  responses  of 
fifty  color-normal  observers  for  317  color  -  difference 
stimuli  judged  against  a  near  neutral  anchor  pair  possess¬ 
ing  a  c o 1 or - d i f f e r enc e  typical  of  industrial  decisions. 
This  required  a  total  of  15,850  visual  judgements  just  for 
this  phase  of  the  investigation.  The  results  of  these 
quantal  responses  were  later  used  to  estimate  the  color- 
difference  tolerance  perceived  to  be  equivalent  to  a  AE^^ 
approximately  equal  to  one  CIELAB  unit. 

As  in  the  pilot  test,  all  first  time  observers  were 
administered  a  Dvorine  Test  to  determine  color -normalcy 
prior  to  the  first  viewing  session.  With  one  exception, 
all  observers  achieved  perfect  marks  when  given  this  test. 


Observer  #27  erred  on  one  plate  in  the  first  testing 
attempt,  but  received  a  perfect  score  on  a  second  test  with 
different  plates. 

The  color  -  difference  samples  used  were  first  random¬ 
ized  for  the  experiment.  This  random  ordering  was  then 
divided  into  four  blocks  of  samples.  So  not  to  bias  any 
particular  block  by  always  presenting  it  first,  the  four 
blocks  were  arbitrarily  presented  until  each  observer  had 
viewed  all  four  blocks. 

The  observer  responses  for  the  main  experiment  are 
tabulated  in  Appendix  D.  A  response  in  this  experiment 
(pilot  and  main)  was  considered  to  be  any  rejection 
judgement  made  by  the  observer.  A  sample  pair  that  passed 
or  was  deemed  smaller  in  than  the  anchor  pair  was 
considered  a  non-response.  Appendix  D  lists  the  cumulative 
responses  (or  rejections)  for  the  observer  population. 

Probit  Analysis 

The  frequency  of  response  for  the  population  of  the 
main  experiment  was  evaluated  using  probit  analysis.  This 
approach  was  used  to  estimate  the  level  at  which  half  the 
population  responds  to  the  color  -  difference  stimulus  and 
half  the  population  does  not  respond. 

A  SAS^®  probit  routine  was  used  to  calculate  the  T50 
point  for  each  of  the  45  color  vectors.  The  three  vari¬ 
ables  necessary  to  run  this  statistical  program  were: 
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AE^b.  number  of  observers,  and  number  of  observer  rejec¬ 
tions.  The  routine  then  transforms  the  information  to  a 
probit  scale  and  a  straight  line  is  iteratively  fit  to  the 
data  points  by  maximum  likelihood  estimation.  The  software 
then  provides  numerical  information  such  as  probabilities 
of  rejection  for  associated  stimuli  levels,  standard 
deviation,  chi-squared  values  (See  Appendix  F) .  Graphical 
depictions  are  also  output  of  the  sigmoidal  response  curve 
(probability  vs.  and  the  linear  probit  line  (probit 

vs.  AEab)  data  points.  The  results  of  this 

analysis  are  listed  in  Table  2. 

The  center  of  each  color  vector  was  based  on  the  zero 
sample  used  to  prepare  sample  pairs.  If  more  than  one  of 
the  provided  replicates  was  used  for  a  vector,  the  average 
values  were  used  to  determine  the  center  point  of  the 
vector.  If  none  of  the  zero  replicates  were  used,  the 
center  was  determined  by  averaging  all  the  replicates 
provided.  The  color  vector  center  points  are  listed  in 
Table  3.  From  this  center  point  the  color  -  difference 
tolerance  value,  T50,  and  the  upper  and  lower  fiducial 
limits  were  located  along  the  eigenvector  in  both  direc¬ 
tions.  Because  this  experiment  measured  color  -  difference 
magnitudes,  the  tolerance  levels  in  both  directions  are 
equidistant  from  the  center  point  on  each  vector. 

Tolerance  determinations  assumed  a  normal  distribu¬ 
tion.  Therefore,  the  estimation  of  median  tolerance  values 
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TABLE  2.  Probit  Analysis  Results 


Color 

Vector 

T50 

(95%) 

Fiducial  Limits  Std. 
Lower  Upper  Dev. 

d.  f  . 
(k-2) 

(95%) 
Chi.  Sq. 
(*-signif ) 

Blue 

A 

0 

.97 

0 

.  89 

1 . 04 

0 

.  46 

5 

8 

.  34 

B 

1 

36 

1 

.  28 

1.44 

0 

.47 

5 

7 

.  96 

C 

1 

.  54 

1 

.45 

1 . 61 

0 

.44 

5 

4 

.  04 

D 

1 

.12 

0 

97 

1.28 

0 

38 

5 

13 

.94* 

E 

2 

.81 

2 

.58 

3 . 03 

0 

78 

6 

12 

.28* 

Cyan 

A 

0 

.  80 

0 

.66 

0 . 93 

0 

.35 

5 

12 

.  07* 

B 

1 

.62 

1 

.  54 

1 . 69 

0 

.  42 

5 

2 

.07 

C 

1 

.61 

1 

.53 

1 .68 

0 

.  39 

5 

8 

.92 

D 

1 

79 

1 

59 

1 .98 

0 

.  59 

5 

10 

.86* 

E 

1 

.51 

1 

.40 

1 .  62 

0 

.58 

5 

5 

.72 

Gray 

A 

0 

94 

0 

.88 

1 . 00 

0 

.27 

5 

3 

74 

B 

0 

.89 

0 

.69 

1.08 

0 

.31 

5 

23 

.31* 

C 

1 

32 

1 

.22 

1.41 

0 

.46 

5 

4 

17 

D 

0 

.91 

0 

.86 

0 . 96 

0 

.25 

5 

1 

19 

E 

1 

30 

1 

.23 

1 .38 

0 

.36 

5 

0 

57 

Green 

A 

0 

.95 

0 

.89 

1.01 

0 

.31 

5 

4 

.83 

B 

2 

19 

2 

12 

2 .27 

0 

44 

6 

5 

09 

C 

1 

30 

1 

24 

1.37 

0 

37 

5 

4 

.53 

D 

1 

66 

1 

60 

1.72 

0 

34 

5 

3 

.69 

E 

1 

77 

1 

.71 

1 . 84 

0 

.40 

5 

1 

17 

Orange 

A 

0 

90 

0 

84 

0.96 

0 

.32 

5 

7 

.76 

B 

1 

37 

1 

30 

1.45 

0 

.38 

5 

4 

.76 

C 

1 

46 

1 

30 

1.61 

0 

.39 

4 

8 

60* 

D 

1 

60 

1 

51 

1 .68 

0 

.47 

5 

3 

60 

E 

1 

13 

1 

09 

1 . 18 

0 

21 

5 

0 

.44 

Purple 

A 

0 

95 

0 

86 

1.03 

0 

35 

4 

4 

99 

B 

1 

48 

1 

41 

1 . 54 

0 

34 

5 

7 

69 

C 

1 

40 

1 

26 

1.54 

0 

27 

4 

10 

92* 

D 

1 

22 

1 

16 

1 . 28 

0 

31 

4 

3 

59 

E 

2 

84 

2 

74 

2 . 94 

0 

54 

7 

4 

69 

Red 

A 

0 

95 

0 

89 

1.02 

0 

38 

5 

8 

98 

B 

1 

94 

1 

88 

2 . 00 

0 

34 

6 

7 

71 

C 

1 

55 

1 

38 

1 . 74 

0 

52 

5 

11 

58* 

D 

1 

99 

1 

90 

2 . 09 

0 

64 

5 

4 

17 

E 

1 

33 

1 

25 

1 . 40 

0 

39 

4 

2 

53 

Yellow 

A 

1 

18 

1 

12 

1.25 

0 

37 

5 

3 

62 

B 

1 

45 

1 

38 

1 . 52 

0 

41 

5 

2 

09 

C 

2  . 

19 

2  . 

11 

2 .27 

0 

51 

7 

3 

65 

D 

1  . 

61 

1  . 

55 

1 . 68 

0 

35 

4 

3 

14 

E 

1  . 

29 

1  . 

24 

1 . 35 

0  . 

28 

5 

1  . 

25 

Ye  1 low  - 

A 

0  . 

83 

0  . 

77 

0 .89 

0  . 

32 

5 

5  . 

53 

Green 

B 

1  . 

14 

1  . 

08 

1 . 20 

0  . 

32 

5 

5  . 

92 

C 

1  . 

44 

1  . 

37 

1 . 50 

0  . 

36 

5 

7  . 

90 

D 

1  . 

21 

1  . 

15 

1 .26 

0  . 

28 

5 

1  . 

98 

E 

1  , 

70 

1  . 

61 

1.78 

_ 0^ 

43 

5 

4  . 

50 

39 


TABLE  3.  Color  Vector  Center  Positions 


Color 

Vector 


Center  Position 
ITF 


Blue 

A 

36  , 

.  11 

-  1 . 

,36 

-27  , 

.  31 

B 

35  . 

.  83 

-  1 . 

,  40 

-27  , 

,  12 

C 

35  , 

,  86 

-  1 . 

,53 

-26  . 

.  92 

D 

35  , 

.96 

-  1. 

89 

-27  . 

.  88 

E 

36  . 

.  26 

-  1  . 

,  97 

-27  . 

,91 

Cyan 

A 

50  , 

.61 

-16  , 

,21 

-11. 

.22 

B 

50  , 

.  75 

-16  , 

,  17 

-11  , 

.08 

C 

50  . 

.  64 

-16  . 

,  09 

-11  . 

,  00 

D 

50  , 

.69 

-16  . 

,  19 

- 11  . 

.  13 

E 

50  , 

.82 

-16  , 

,  15 

-11  , 

.  10 

Gray 

A 

59 

.  76 

-  1  , 

.  00 

1  , 

,  28 

B 

59 

.71 

-  0. 

.  81 

1 , 

.  28 

C 

59 

.  50 

-  1, 

.  04 

1  , 

.  21 

D 

59  , 

.  50 

-  1  , 

,  12 

1  , 

,  07 

E 

59  , 

.45 

-  0, 

.99 

1  . 

.  24 

Green 

A 

55 

.  53 

-27  , 

,11 

2  , 

.82 

B 

55 

.53 

-27  , 

.13 

2  , 

,  80 

C 

55 

.  84 

-27  , 

.  20 

2  , 

.76 

D 

55 

.  56 

-27  , 

.23 

2 

.78 

E 

55  , 

.53 

-27  , 

.  06 

2  , 

.77 

Orange 

A 

63 

.55 

12  . 

,  35 

20 

.89 

B 

63 

.  66 

12  , 

,  37 

20 

.86 

C 

63 

.67 

12  , 

.18 

20 

.78 

D 

63 

.  57 

12 

.  17 

20 

.77 

E 

63 

.71 

12 

.  18 

20 

.  75 

Purple 

A 

46 

.46 

12  , 

.  74 

-13 

.  44 

B 

46 

.  29 

12  , 

,73 

- 13 

.35 

C 

46 

.25 

12  , 

,55 

-13 

.36 

D 

46 

.45 

12 

,70 

-13 

.  40 

E 

46 

.51 

12  , 

.  67 

-13 

.  54 

Red 

A 

42 

.  29 

36  , 

,  02 

20 

.  43 

B 

41 

.  51 

35  . 

.  73 

20, 

,37 

C 

41  , 

.  20 

35  , 

,85 

20  , 

.66 

D 

41  , 

.91 

35  , 

,  78 

20  , 

,  34 

E 

41  , 

.89 

35  . 

,91 

20  , 

.42 

Yell ow 

A 

76  , 

.  90 

4  . 

,  01 

35  , 

.11 

B 

78  , 

.  34 

1  . 

,  36 

37  , 

.23 

C 

78  . 

,48 

1 . 

64 

35  . 

43 

D 

78  . 

,  60 

1  . 

17 

34  . 

27 

E 

78  , 

,  50 

1  . 

86 

33  . 

68 

Ye  1 low- 

A 

64  . 

,65 

-  9. 

99 

13  . 

40 

Green 

B 

64  . 

,  80 

- 10  . 

00 

13  . 

47 

C 

64  , 

,  72 

-10. 

32 

13  . 

34 

D 

64  . 

91 

-  10  . 

11 

13  . 

45 

E 

64  . 

82 

-  9. 

94 

13  . 

35 

did  not  use  the  logarithmic  transformation  to  normalize  the 
response  distribution  prior  to  applying  probit  analysis. 
The  reason  for  this  decision  is  examined  in  more  detail  in 
the  Discussion  section. 

Using  values  estimated  for  each  of  the  color  vectors, 
graphical  representations  were  produced  to  display  the 
vectors'  median  color  -  difference  tolerance,  fiducial 
limits,  and  vector  center  in  relation  to  each  of  the  other 
four  vectors  within  its  color  center.  A  sample  vector  is 
shown  below.  These  plots  are  shown  in  Figures  12  to  20. 
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DISCUSSION 


Experimental  Design 

A  few  critical  assumptions  were  required  in  structur¬ 
ing  this  experiment  to  use  probits  in  estimating  color- 
difference  tolerances.  Most  assumptions  were  based  on 
knowledge  gained  from  previous  color  investigations  and 
were  well  founded. 

One  of  these  assumptions  on  which  the  experiment  was 
based  was  that  the  perceptibility  response  of  a  color- 
normal  population  to  color- difference  magnitudes  follows  a 


normal 

distribution . ^ 

This  is 

significant  since 

the 

probit 

model  is  based  on 

this 

s  ame 

distribution  and 

is  a 

linear 

transformation  of 

the 

normal  distribution. 

This 

assumption  is  supported  by  the  number  of  chi-squared  values 
that  indicate  a  good  fit  to  the  normal  distribution.  Only 
eight  of  the  45  vectors  sampled  did  not  exhibit  a  satisfac¬ 
tory  chi-squared  value.  These  eight  vectors  with  signifi¬ 
cant  chi-squared  values  are  denoted  with  an  asterisk  (*)  in 
Table  2. 

The  probit  procedure  provides  a  solution  for  altering 
distributions  that  do  not  conform  to  the  normal  distribu¬ 
tion.  This  normalization  is  achieved  by  transforming  the 
stimuli  values  to  a  logarithmic  scale.  This  is  a  common 
technique  in  biological  assay  since  tolerance  distributions 
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for  given  populations  tend  to  possess  a  skewed  profile. 

Because  this  experiment  was  performed  on  the  premise 
that  the  population  response  would  be  distributed  normally, 
a  logarithmic  transformation  was  not  necessary.  In  fact, 
when  the  color- difference  magnitudes  were  transformed  to  a 
logarithmic  scale  prior  to  applying  the  probit  model,  the 
resultant  chi-squared  values  indicated  poorer  fits  than 
without  the  transformation.  The  number  of  significant  chi- 
squared  tests  increased  two-fold  (to  sixteen  color  vectors) 
for  the  transformed  case. 

A  model  used  to  the  same  degree  of  success  in  biologi¬ 
cal  assay  is  the  logit^®  based  on  the  logistic  distribu¬ 
tion.  Compared  to  probit  analysis,  this  method  of  toler¬ 
ance  determination  yields  similar  estimations  in  all  cases 
except  for  very  small  or  very  large  probabilities.^^  For 
large  subject  populations  probit  and  logit  produce  ident¬ 
ical  results.  Besides  the  fundamental  distribution,  logit 
differs  from  probits  in  its  method  for  fitting  the  regres¬ 
sion  line.  Instead  of  performing  a  maximum  likelihood 
estimation,  logit  minimizes  the  chi-squared  value  to 
estimate  the  unknown  parameters.  Since  a  basic  assumption 
of  this  experiment  is  that  the  co lor - d i f f e rence  response  is 
described  by  a  normal  distribution,  the  logit  model  was  not 
applied  to  this  particular  dataset. 

Another  assumption  considered  during  design  involves 
the  influence  one  stimulus  has  on  a  response  for  a  sub- 
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sequent  stimulus.  In  the  biological  community  probit 
analysis  is  often  used  to  determine  the  lethal  dose  of  a 
toxic  substance  to  a  particular  population.  Stimuli  such 
as  pesticides  can  have  a  lasting  effect  on  a  subject,  in 
some  cases  as  permanent  as  death.  With  this  in  mind 
Finney^^  states  that  probit  analysis  is  applicable  only  in 
those  cases  where  the  subjects  are  tested  once.  In  the 
context  of  biological  assay  this  is  a  reasonable  restric¬ 
tion  . 

For  the  purposes  of  this  experiment  the  stimulus 
employed  did  not  affect  the  observers'  ability  to  make 
subsequent  quantal  decisions.  A  color  -  difference  compari¬ 
son  was  not  considered  debilitating  with  regard  to  subse¬ 
quent  visual  comparisons.  It  was  this  rationale  that  led 
to  the  removal  of  the  limitation  expressed  by  Finney  of 
only  one  test/judgement  per  participant. 

A  major  interest  of  this  effort  was  to  collect 
perceptibility  data  typical  of  industrial  color  decisions. 
To  achieve  this  goal  the  observer  population  was  properly 
screened  to  av.  id  using  experienced  color  matchers  or 
individuals  familiar  with  performing  co lor - di f f e r ence 
judgements.  In  general,  the  population  of  subjects  used 
for  making  visual  comparisons  were  college  students  and 
industrial  workers.  Placing  this  caveat  on  the  selection 
of  candidate  observers  precluded  the  chance  of  tainting  the 
collected  data  with  judgements  based  on  an  acceptability 
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premise . 

Isolation  of  the  quantal  responses  to  a  single 
category  of  change  in  each  case  required  designing  the 
color  -  difference  samples  along  precise  vectors.  The 

precision  of  these  sample  vector  sets  was  determined  using 
a  statistical  method  termed  principal  component  analysis. 
The  resultant  first  component  eigenvalues  for  all  45  color 
vectors  exceeded  0.99  in  all  cases.  Exact  values  can  be 
found  in  Table  1.  This  confirmed  that  the  probit  model  was 
fit  to  a  univariate  color  change  in  each  vector. 

Probit  Analysis 

Probit  analysis  of  the  collected  color - di f fe rence  data 
was  performed  using  the  available  SAS^®  routine.  This 
program  iteratively  computes  maximum- likelihood  estimates 
for  the  parameters  a  (called  INTERCEPT)  and  p  (called 
SLOPE).  In  the  same  manner  it  also  estimates  the  mean,  , 
(called  MU)  and  standard  deviation,  o,  (called  SIGMA)  of 
the  stimulus  tolerance.  The  estimated  'dose'  along  with 
the  95%  fiducial  limits  for  several  probability  levels  are 
also  listed  in  the  printout.  Two  plots  are  produced:  the 

empirical  probit  at  each  level  of  stimulus  superimposed  on 
the  probit  line,  and  the  probability  points  at  each  level 
of  stimulus  superimposed  on  the  normal  sigmoid  curve. 
Lastly,  a  summary  of  the  input  values  are  printed. 

Several  options  are  available  to  the  program  user  to 
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produce  the  desired  results.  The  probability  or  p  value 
used  for  the  chi-square  test  can  be  set  with  the  HPROB 
option.  The  default  for  p  is  0.10  which  was  the  value  used 
in  all  experimental  calculations.  Stimulus  data  can  be 
transformed  using  either  a  natural  or  base  10  logarithm. 
This  option  was  not  exercised  for  this  effort.  Additional¬ 
ly,  an  OPTC  can  be  set  to  request  that  the  estimation  of 
the  natural  (threshold)  response  rate  be  optimized; 
however,  this  option  was  not  utilized  so  the  value  default¬ 
ed  to  zero . 

The  chi-squared  test  was  used  to  determine  how  well 

the  empirical  data  agreed  with  the  probit  model.  Since  the 

HPROB  option  was  not  exercised  the  default  probability  0.10 

was  used  to  determine  significance  of  the  test  throughout 

the  experiment.  Eight  vector  sets  exhibited  significantly 

2 

high  chi-squared  tests  when  compared  to  ^.90 
respective  degrees  of  freedom  and  are  denoted  in  Table  2  by 
an  asterisk.  Because  the  parameters  a  ,  P  were  estimated 
the  degrees  of  freedom  were  calculated  for  each  vector  as 
two  less  than  the  number  of  stimuli. 

Significant  chi-squared  values  indicate  the  data  does 
not  adequately  fit  the  probit  regression  line.  Such 
failures  to  conform  to  the  assumed  model  are  motivated  by 
one  of  two  types  of  heterogeneous  behavior  -  random  or 
systematic . Random  heterogeneity  effects  arise  from 
ungoverned  influences  that  may  vary  from  stimuli  to  stimuli 
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or  from  interaction  between  these.  Data  influenced  by  such 
random  factors  tends  to  display  arbitrary  dispersion  about 
the  regression  line.  Systematic  heterogeneity  on  the  other 
hand  is  experienced  when  the  assumed  mathematical  model  is 
incorrect.  In  this  case,  data  takes  on  a  curvilinear 
character  which  obviously  deviates  from  the  linear  regres¬ 
sion  it  is  being  fitted  to. 

Despite  the  frequent  difficulty  in  distinguishing 
between  random  and  systematic  heterogeneity  a  strong  case 
can  be  made  for  the  former  as  the  possible  cause  for 
departures  in  the  eight  color  vectors.  Because  random 
deviations  occur  when  the  subjects  do  not  respond  wholly 
independent  of  one  another,  the  rational  for  the  initial 
concession  regarding  repeated  testing  of  single  observers 
may  be  flawed.  The  viewing  procedure  was  designed  with  the 
allowance  that  subsequent  comparisons  should  not  be 
affected  by  those  judgements  made  prior.  This  agreeably 
went  against  the  normal  convention  of  subject  testing,  but 
considering  the  nature  of  the  stimuli  employed  seemed  a 
trivial  departure  from  customary  practice. 

In  hindsight,  the  eight  instances  of  high  chi-squared 
tests  can  logically  be  attributed  to  unintended  random 
factors  designed  into  the  experiment.  Such  influences 
could  have  been  caused  by  changes  in  an  observer's  emotion¬ 
al  state  between  sessions.  Viewer  fatique  could  have  been 
a  contributor  even  though  sessions  were  shortened  to 


prevent  this  occurrence.  The  integrity  of  decision  making 
must  change  to  some  degree  from  the  first  test  to  the  last 
test,  and  this  certainly  would  not  be  a  variable  had 
subjects  been  restricted  to  a  single  test.  Interaction 
between  judgements  may  also  have  occurred  if  observers  were 
prone  to  dwell  on  previous  comparisons  during  subsequent 
judgements.  The  level  of  influence  these  factors  had  on 
the  response  frequencies  attained  is  indeterminable,  but 
nevertheless,  is  a  conceivable  source  of  deviation  from  the 
intended  model. 

Another  possible  explanation  for  the  high  chi-squared 
values  could  have  been  poor  sampling  around  the  50% 
threshold  point.  Inadequate  sampling  in  the  center  of  the 
sloped  region  of  the  sigmoidal  response  curve  precludes  a 
thorough  coverage  of  this  critical  area.  Those  color- 
difference  vectors  exhibiting  significant  chi-squared  tests 
were,  in  most  cases,  sparsely  sampled  in  this  crucial 
sector  of  the  curve. 

Occurrences  of  random  deviation  can  be  calculated  into 
the  range  of  experimental  error  using  the  heterogeneity 
factor,  h,  which  is  determined  by, 

(10). 

k-2 

Variances  are  then  multiplied  by  h  to  increase  the  range  of 
values  within  the  experimental  error.  Use  of  the  hetero¬ 
geneity  factor  is  not  intended  to  accommodate  those 
deviations  of  a  systematic  nature. 
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The  heterogeneity  factor  was  computed  for  all  eight 
vectors  exhibiting  significant  chi-&quared  values  to  adjust 
for  the  experimental  error  induced  by  random  deviations. 
The  SAS  routine  automatically  performs  this  calculation  for 
all  cases  exhibiting  out  of  tolerance  chi-squared  tests 
whether  caused  by  random  or  systematic  contributions.  For 
these  cases  the  user  is  warned  to  check  that  high  chi- 
squared  values  are  not  caused  by  systematic  departures  from 
the  model  and  therefore  left  to  determine  the  validity  of 
using  the  h  factor.  It  is  conjectured  that  random  devia¬ 
tion  prompted  this  departure,  consequently  use  of  h  is 
appropriate  . 

Fiducial  limits  are  computed  by  the  SAS  routine  for 
several  probability  levels  with  respect  to  color- difference 
magnitudes.  If  plotted  the  limits  would  produce  two 
hyperbolic  curves  convex  to  the  regression  line  approaching 
the  line  most  closely  at  the  50%  probability  point.  A 
horizontal  line  drawn  anywhere  along  this  plot  would 
produce  upper  and  lower  limits  asymmetric  around  the  mean 
value.  The  limits  at  50%  probability  show  the  most 
symmetry.  As  probabilities  increase  from  the  midpoint  the 
lower  limit  digresses  more  rapidly  than  the  upper  limit  and 
as  probabilities  decrease  from  the  midpoint  the  opposite 
occurs . 

For  vectors  with  insignificant  chi-squared  values  the 
fiducial  limits  are  calculated  using  a  t  value  of  1.96  for 


58 


the  95%  level  of  probability.  In  the  eight  cases  where  the 
chi-squared  value  was  significant  and  a  heterogeneity 
factor  was  in  use,  the  t  value  is  determined  for  the  same 
level  of  probability  (0.95)  with  the  appropriate  degrees  of 
freedom.  In  either  case  a  range  of  values  is  calculated 
within  which  the  probit  of  the  true  response  is  certain  (to 
95%)  lie  in. 

Fiducial  limits  differ  from  the  conventional  confi¬ 
dence  limits  in  that  the  latter  is  typically  symmetric 
about  the  mean.  Fiducial  limits  used  in  probit  analysis 
demonstrate  that  precision  for  estimating  tolerance 
responses  is  best  at  the  50%  level  or  Y*=5. 


59 


CONCLUSIONS 

The  response  frequency  results  of  this  analysis 
exhibit  a  reasonable  fit  to  the  probit  model.  Despite  some 
significant  chi-squared  test  values  in  eight  of  the  45 
vector  set  cases  the  collected  data  displays  undeniable 
agreement  with  the  probit  model. 

The  eight  vector  sets  displaying  high  chi-squared 
tests  can  reasonably  be  explained  by  random  deviations. 
Exposing  observers  to  several  co lor - di f f e r ence  stimuli  may 
have  caused  interaction  between  decisions  and  contributed  a 
heterogeneity  of  random  nature  to  these  vector  sets.  This 
method  for  testing  subjects  'violates*  the  probit  protocol 
customary  to  the  bio-assay  community,  but  for  the  determin¬ 
ation  of  c o 1 o r - di f f e renc e  tolerances  appears  to  be  a 
reasonable  modification  to  the  normal  convention. 

Deviations  from  the  normal  distribution  might  also 
have  been  caused  by  insufficient  sampling  near  the  esti¬ 
mated  T50  value.  In  the  eight  vector  cases  with  high  chi- 
squared  values  this  crucial  region  of  the  response  curve 
was  not  adequately  tested. 

The  use  of  a  near  neutral  anchor  pair  as  a  standard  to 
base  quantal  decisions  was  effective  and  an  easily  under¬ 
stood  criterion  by  ail  observers. 
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RECOMMENDATIONS 

The  nine  color  centers  tested  in  this  effort  are  a 
significant  beginning  to  determine  co lo r - di f f e r ence 
tolerance  levels  typical  of  industrial  decisions.  However, 
additional  research  is  necessary  to  provide  adequate  data 
sets  upon  which  to  base  color  metric  equation  development. 
Future  work  should  focus  on  validating  the  results  of  this 
experiment  and  continue  the  determination  of  tolerances  in 
other  regions  of  color  space. 

Specifically,  lightness  contributions  to  tolerance 
levels  should  be  studied  further.  In  this  experiment  the 
single  vector  within  each  color  center  to  sample  lightness 
effects  was  not  found  sufficient  to  conduct  detailed 
analysis  of  this  color  variable.  Future  experiments  could 
better  characterize  these  effects  by  increased  sampling 
with  additional  lightness  vectors. 

Further  study  should  occur  relevant  to  the  eight 
vector  sets  that  exhibited  significant  chi-squared  values 
to  demonstrate  conformance  to  the  probit  model.  The 
current  results  from  this  experiment  can  be  used  as  a  guide 
to  optimize  the  sampling  of  sigmoid  response  curve  for  such 
a  follow-up  effort.  Until  this  expanded  evaluation  is 
accomplished  the  tolerance  levels  estimated  for  the  eight 
exceptions  to  the  model  should  be  used  with  discretion. 


The  color  data  collected  in  this  and  future  experi 
ments  could  be  used  to  test  applications  to  other  statisti 
cal  models  such  as  the  logit 
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APPENDIX  A 


Pilot  Test  Sample  Pair  Measurements 


Color  Samples  A&B 

Vector  (Paired)  L*  a*  b*  E 


Anchor 
Blue  A 


Blue  B 


Blue  C 


STDA 

49 .53 

- 

0 .08 

5  .65 

STDB 

48 .89 

0 .17 

4 . 90 

1 .02 

lA 

35 . 95 

- 

1 . 39 

-27.31 

IB 

36 .28 

- 

1 . 30 

-27.33 

0 . 34 

2A 

35 .69 

- 

1 .43 

-27.32 

2B 

36 . 52 

- 

1 . 27 

-27.31 

0.85 

3A 

35 .28 

- 

1 . 52 

-27,28 

3B 

37  .  10 

- 

1  .15 

-27.29 

1  .86 

4A 

34 . 34 

- 

1.63 

-27.24 

4B 

37 . 10 

- 

1  .  15 

-27.29 

2 . 80 

5A 

34.34 

- 

1 .63 

-27.24 

5B 

37  .88 

- 

0.89 

-27.32 

3 .62 

lA 

35.85 

- 

1  .  70 

-27.09 

IB 

35 . 82 

- 

1  .  10 

-27.16 

0 . 60 

2A 

35.79 

- 

1 .93 

-26.89 

2B 

35.86 

- 

0 . 86 

-27.12 

1  .  10 

3A 

35.88 

- 

2  .  54 

-27.03 

3B 

35 . 84 

- 

0 .27 

-27.19 

2.28 

4  A 

35 .92 

- 

3  .71 

-26.92 

4B 

35 . 84 

- 

0.27 

-27.19 

3 .45 

5A 

35 . 92 

- 

3 .71 

-26.92 

5B 

35.81 

0.85 

-27.26 

4.57 

lA 

35.91 

- 

1  .58 

-27.16 

IB 

35 . 84 

- 

1 .45 

-26.70 

0 .48 

2A 

35.91 

- 

1  .65 

-27.40 

2B 

35 .79 

- 

1  .39 

-26.49 

0 .95 

3A 

35 .98 

- 

1.78 

-27.88 

3B 

35 . 75 

- 

1.21 

-26.02 

1 .96 

4A 

36 . 16 

- 

2 .07 

-28.80 

4B 

35.75 

- 

1 .21 

-26.02 

2  .  94 

5A 

36 .16 

- 

2 .07 

-28.80 

5B 

35  .  59 

- 

0 . 84 

-25.20 

3.85 

lA 

35.97 

- 

2 . 14 

-28.11 

IB 

35  .  99 

- 

1  .  64 

-27.54 

0.76 

2A 

35.99 

- 

2 . 40 

-28.37 

2B 

35.99 

- 

1 . 40 

-27.27 

1 .49 

3A 

36 . 06 

- 

2.98 

-28.92 

Blue  D 


65 


Blue  E 


Cyan  A 


Cyan  B 


Cyan  C 


Cyan  D 


3B 

35 .98 

-  0 

.79 

-26 

.72 

3 

.11 

4A 

36.23 

-  4 

.  07 

-30 

.01 

4B 

35 .98 

-  0 

.79 

-26 

.  72 

4 

.65 

5A 

36.23 

-  4 

.  07 

-30 

.  01 

5B 

35 . 92 

0 

.38 

-25 

.  74 

6 

.  18 

lA 

36.25 

-  2 

.  08 

-27 

.  64 

IB 

36.33 

-  1 

.  86 

-28 

.  18 

0 

.  59 

2A 

36.21 

-  2 

.  14 

-27 

.42 

2B 

36.39 

-  1 

.79 

-28 

.41 

1 

.  07 

3A 

36 . 22 

-  2 

.38 

-26 

.81 

3B 

36 .33 

-  1 

.  54 

-29 

.05 

2 

.  39 

4A 

36 . 21 

-  2 

.71 

-25 

.  76 

4B 

36 .33 

-  1 

.  54 

-29 

.  05 

3 

.49 

5A 

36 .21 

-  2 

.71 

-25 

.76 

5B 

36.42 

-  1 

.  10 

-30 

.21 

4 

.  74 

lA 

50 . 37 

-16 

.  24 

-11 

.  22 

IB 

50 . 85 

-16 

.21 

-11 

.23 

0 

.48 

2A 

50 . 22 

-  16 

.23 

-11 

.21 

2B 

51.05 

-16 

.  20 

-11 

.  24 

0 

.  83 

3A 

49 . 73 

-  16 

.  24 

-11  , 

.18 

3B 

51.58 

-16 

.  16 

-11 

.25 

1 

.85 

4A 

48 .81 

-16 

.  28 

- 11  , 

.  14 

4B 

51 . 58 

-16 

.  16 

-11  , 

.25 

2 

.  77 

5A 

48 . 81 

-16 

.28 

-11  , 

.  14 

5B 

52.47 

-16, 

.  10 

-11  , 

,31 

3 

.67 

lA 

50 . 79 

-16  , 

.41 

-11  , 

.  09 

IB 

50 .74 

-15 

.  99 

-11 

.08 

0 

.42 

2A 

50.79 

-16  , 

.63 

-11, 

.  07 

2B 

50 . 72 

-15  , 

.81 

-11  , 

.  05 

0 

.82 

3A 

50.83 

-17  , 

,  11 

-11  , 

.05 

3B 

50 . 70 

-15. 

,29 

-11. 

13 

1  . 

83 

4A 

50 . 95 

-  18  , 

.  02 

- 10  . 

98 

4B 

50 . 70 

- 15  . 

,29 

- 11  . 

,  13 

2  , 

,75 

5A 

50.95 

-18  . 

02 

-10  . 

98 

5B 

50 .63 

- 14  . 

38 

-11  . 

16 

3  . 

66 

lA 

50.67 

-16  . 

19 

- 11  . 

21 

IB 

50 .62 

-16  . 

01 

- 10  . 

77 

0  . 

48 

2A 

50.65 

-16  . 

26 

-11 . 

42 

2B 

50 . 62 

- 15  . 

94 

-10  . 

55 

0  . 

93 

3A 

50 .75 

- 16  . 

43 

- 11 . 

91 

3B 

50.55 

-15  . 

74 

- 10  . 

10 

1  . 

95 

4A 

50 . 81 

-16  . 

76 

-12  . 

86 

4B 

50.55 

-15  . 

74 

- 10  . 

10 

2  . 

95 

5A 

50 . 81 

-16  . 

76 

-12  . 

86 

5B 

50 . 54 

-  15  . 

36 

-  9  . 

16 

3  . 

97 

lA 

50 . 64 

-  16  . 

40 

-  11  . 

29 

IB 

50 .71 

-  15  . 

97 

-11  . 

00 

0  . 

52 

2A 

50 . 73 

-16  . 

57 

-  11  . 

44 

2B 

50 . 64 

- 15  . 

81 

-10  . 

80 

1  . 

00 

3A 

50.67 

-  17  . 

06 

-  11  . 

74 

3B 

50 .73 

- 15  . 

33 

- 10  . 

52 

2  . 

12 

4A 

50 . 74 

- 17  . 

92 

-12  . 

36 

66 


Cyan  E 


Gray  A 


Gray  B 


Gray  C 


Gray  D 


4B 

50.73 

•15.33 

-10.52 

5A 

50 . 74 

- 

17.92 

-12.36 

5B 

50.79 

- 

■14.42 

-  9.89 

lA 

50 . 80 

- 

16.24 

-10.96 

IB 

50 . 80 

- 

16 . 07 

-11.25 

2A 

50 . 85 

- 

16 . 34 

-10.80 

2B 

50.78 

- 

15 . 98 

-11.43 

3A 

50 .85 

- 

16 .55 

-10.41 

3B 

50.81 

- 

15.77 

-11.77 

4A 

50 .83 

- 

16.89 

-  9.74 

4B 

50 .81 

- 

15 .77 

-11.77 

5A 

50 . 83 

- 

16 .89 

-  9.74 

5B 

50.83 

- 

15 .37 

-12.47 

lA 

59 .55 

- 

1 . 01 

1.26 

IB 

60 . 00 

- 

0 . 99 

1 . 24 

2A 

59 . 34 

- 

1.01 

1 .25 

2B 

60 .18 

- 

0 .99 

1  .28 

3a 

58 . 86 

- 

1 .02 

1 . 24 

3B 

60 . 85 

- 

0 .93 

1 .  30 

4A 

57 . 95 

- 

1 . 08 

1 .21 

4B 

60 .85 

- 

0 .93 

1  .  30 

5A 

57 . 95 

- 

1 . 08 

1  .21 

5B 

61 .72 

- 

0 .93 

1 . 30 

lA 

59  .  70 

- 

1 . 05 

1 . 30 

IB 

59 .73 

- 

0 .59 

1.25 

2A 

59 .69 

- 

1  .  30 

1  .  30 

2B 

59.76 

- 

0 .37 

1 .23 

3A 

59 . 70 

- 

1  .77 

1  .37 

3B 

59 . 68 

0.11 

1 .18 

4a 

59 . 84 

- 

2.77 

1.45 

4B 

59 .68 

0 . 11 

1 . 18 

5A 

59 . 84 

- 

2.77 

1 .45 

5B 

59 . 56 

1 . 00 

1 . 00 

lA 

59 . 60 

- 

1 . 04 

0 .95 

IB 

59 .61 

- 

1 .01 

1 .46 

2A 

59 . 69 

- 

1 . 08 

0 .69 

2B 

59 .61 

- 

0 .98 

1.69 

3A 

59.65 

- 

1  .11 

0 .16 

3B 

59 .61 

- 

0 .93 

2 . 24 

4A 

59 .79 

- 

1  .  17 

-  0.94 

4B 

59 .61 

- 

0 .93 

2  .  24 

5A 

59 .79 

- 

1  .  17 

-  0.94 

5B 

59 .61 

- 

0 .78 

3.23 

lA 

59 .53 

- 

1  .  30 

0 .92 

IB 

59 . 50 

- 

0.93 

1.23 

2A 

59.61 

- 

1.48 

0.76 

2B 

59 . 60 

- 

0 . 75 

1  .  38 

3A 

59 . 57 

- 

1  .  84 

0 . 46 

3B 

59 .56 

- 

0 . 38 

1  .  70 

4A 

59  .  60 

- 

2 .55 

-  0.16 

4B 

59 . 56 

- 

0 . 38 

1  .  70 

5A 

59  .  60 

- 

2  .  55 

-  0.16 

3 . 18 
4 .28 
0 . 34 
0 .73 

1  .57 

2  .32 
3 . 12 
0 .45 
0 . 84 
1 . 99 
2.91 

3  .77 
0.46 
0 . 94 

1 . 89 

2 . 90 
3 . 81 
0.51 
1.01 
2 . 09 

3 . 19 

4 .19 
0.48 
0 .96 

1  .  92 

2  .  86 


67 


Gray  E 


Green  A 


Green  B 


Green  C 


Green  D 


5B 

59 

.  55 

0 

.  37 

2 

.33 

3 

.  84 

lA 

59 

.  51 

-  1 

.  11 

1 

.42 

IB 

59 

.49 

-  0 

.82 

1 

.07 

0 

.45 

2A 

59 

.48 

-  1 

.  26 

1 

.58 

2B 

59 

.  54 

-  0 

.  68 

0 

.  90 

0 

.  90 

3A 

59 

.  50 

-  1 

.  59 

1 

.  96 

3B 

59 

.  51 

-  0 

.33 

0 

.52 

1 

.91 

4A 

59 

.61 

-  2 

.  17 

2 

.  64 

4B 

59 

.51 

-  0 

.33 

0 

.  52 

2 

.  81 

5A 

59 

.61 

-  2 

.17 

2 

.  64 

5B 

59 

.  67 

0 

.25 

-  0 

.32 

3 

.  82 

lA 

55 

.  33 

-27 

.11 

2 

.82 

IB 

55 

.  78 

-27 

.  08 

2 

.81 

0 

.45 

2A 

55 

.  15 

-27 

.  10 

2 

.81 

2B 

55 

.99 

-27 

.  07 

2 

.83 

0 

.  84 

3A 

54 

.  56 

-27  , 

.  18 

2  , 

.83 

3B 

56 

.42 

-27  , 

.  01 

2 

.  84 

1  , 

.87 

4A 

53 

.69 

-27  , 

.23 

2  , 

.81 

4B 

56 

.42 

-27  , 

.  01 

2  , 

.  84 

2  , 

.  74 

5A 

53 

.  69 

-27  , 

.23 

2  , 

.81 

5B 

57  . 

.39 

-26  , 

,92 

2  . 

.  84 

3  , 

.71 

lA 

55  . 

.49 

-27  , 

,37 

2  . 

.83 

IB 

55  . 

.66 

-26  , 

,86 

2  , 

.  74 

0  , 

.55 

2A 

55  , 

.61 

-27  . 

,51 

2  . 

.  82 

2B 

55  . 

.58 

-26  . 

,67 

2  . 

,  74 

0  . 

,  84 

3A 

55  . 

.46 

-28  . 

,  10 

2  , 

.90 

3B 

55  . 

.  60 

-26  . 

,  16 

2  , 

,67 

1  , 

,  96 

4A 

55  . 

.59 

-  29  . 

,03 

2  . 

,  97 

4B 

55  . 

.  60 

-26  . 

16 

2  . 

,67 

2  . 

.89 

5A 

55  . 

,59 

-29  . 

03 

2  . 

97 

5B 

55  . 

65 

-25  . 

29 

2  . 

59 

3  . 

,76 

lA 

55  , 

,91 

-27  . 

28 

2  . 

,  54 

IB 

55  , 

,  85 

CM 

< 

12 

2  . 

,  94 

0  . 

43 

2A 

55  . 

88 

-27  . 

34 

2  . 

36 

2B 

55  . 

90 

-  27  . 

13 

3  . 

11 

0  . 

78 

3A 

55  . 

82 

-11  . 

38 

2  . 

00 

3B 

55  . 

85 

-27  . 

00 

3  . 

55 

1  . 

60 

4A 

55  . 

,93 

-27  . 

60 

1  . 

25 

4B 

55  . 

85 

-27  . 

00 

3  . 

55 

2  . 

38 

5A 

55  . 

93 

-27  . 

60 

1  . 

25 

5B 

55  . 

85 

-  26  . 

71 

4  . 

43 

3  . 

30 

lA 

55  . 

54 

-  27  . 

45 

2  . 

67 

IB 

55  . 

63 

-27  . 

10 

2  . 

88 

0  . 

42 

2A 

55  . 

87 

-27  . 

80 

2  . 

41 

2B 

55  . 

70 

-26  . 

98 

2  . 

92 

0  . 

98 

3A 

55  . 

60 

-28  . 

03 

2  . 

27 

3B 

55  . 

64 

-26  . 

50 

3  . 

24 

1  . 

81 

4A 

55  . 

56 

-28  . 

67 

1  . 

86 

4B 

55  . 

64 

-26  . 

50 

3  . 

24 

2  . 

57 

5A 

55  . 

56 

-28  . 

67 

1  . 

86 

5B 

55  . 

76 

-25  . 

67 

3  . 

73 

3  . 

54 

lA 

55  . 

59 

-11  . 

18 

2  . 

94 

Green  E 


68 


Orange  A 


Orange  B 


Orange  C 


Orange  D 


IB 

55 

.51 

-26 

.92 

2  , 

.  64 

0  , 

.40 

2A 

55 

.59 

-27 

.29 

3 

.  09 

2B 

55 

.  50 

-26 

.79 

2  , 

.  50 

0 

.78 

3A 

55 

.  57 

-27 

.  62 

3  , 

.43 

3B 

55 

.  56 

-26 

.  52 

2 

.  20 

1  , 

.65 

4A 

55 

.  66 

-28 

.  21 

4, 

.  10 

4B 

55 

.  56 

-26  , 

.  52 

2  . 

,  20 

2  . 

.  54 

5A 

55 

.66 

-28  , 

.21 

4  . 

.  10 

5B 

55 

.47 

-26  , 

.03 

1 , 

.  64 

3 

.29 

lA 

63 

.26 

12 

.  36 

20  , 

.92 

IB 

63 

.48 

12 

.  00 

20  , 

.73 

0  , 

.46 

2A 

63 

.  15 

12 

.29 

20 

.  81 

2B 

63 

.99 

12 

.  40 

20, 

.93 

0  , 

.  86 

3A 

62 

.  60 

12 

.  29 

20  . 

.82 

3B 

64 

.  52 

12 

.  44 

20  , 

.98 

1  , 

.93 

4A 

61 

.71 

12 

.22 

20  , 

.  76 

4B 

64 

.  52 

12 

.44 

20  , 

.  98 

2 

.83 

5A 

61 

.71 

12 

.22 

20 

.  76 

5B 

65 

.  50 

12 

.  56 

21 

.  09 

3  , 

.82 

lA 

63 

.  66 

12  , 

.  13 

20, 

.  84 

IB 

63 

.65 

12  , 

.  60 

20. 

.87 

0  . 

.47 

2A 

63 

.71 

11  , 

.83 

20  , 

.73 

2B 

63 

.65 

12  , 

.82 

20  . 

.87 

1  . 

.  00 

3A 

63 

.  68 

11 , 

.  35 

20, 

.79 

3B 

63 

.  65 

13  , 

.  37 

20. 

.95 

2  , 

,  03 

4A 

63 

.79 

10  , 

.  30 

20  , 

.66 

4B 

63 

.65 

13  , 

,  37 

20  , 

,95 

3  , 

,  09 

5A 

63 

.79 

10, 

.  30 

20, 

,66 

5B 

63 

.  56 

14, 

.  42 

21  , 

.  12 

4  , 

.15 

lA 

63 

.  69 

12  , 

.  14 

20  . 

,55 

IB 

63 

.65 

12 

.27 

21  , 

.07 

0  , 

.  54 

2A 

63 

.  60 

12  , 

.  14 

20  . 

,37 

2B 

63 

.  74 

12  , 

.  30 

21 , 

.28 

0  , 

,93 

3A 

63 

.  55 

12  , 

.  11 

19  , 

.  94 

3B 

63 

.79 

12  , 

.38 

21  , 

.81 

1  . 

,  90 

4A 

63 

.53 

11  , 

,99 

18  . 

.97 

4B 

63 

.79 

12  , 

.38 

21  , 

.  81 

2  . 

,  88 

5A 

63 

.  53 

11  . 

.  99 

18  , 

.97 

5B 

63 

.78 

12  , 

,51 

22  , 

,73 

3  . 

.  80 

lA 

63 

.  61 

11  . 

.  98 

20  . 

,  59 

IB 

63 

.63 

12  , 

.32 

20  , 

,87 

0  . 

,  44 

2A 

63 

.61 

11  . 

.79 

20  , 

,  42 

2B 

63 

.  58 

12  . 

.  51 

21  , 

,  05 

0  , 

,96 

3A 

63 

.63 

11  . 

.40 

20  . 

,07 

3B 

63 

.  62 

12  , 

,  89 

21  . 

,39 

1  , 

.99 

4A 

63 

.  69 

10  , 

.67 

19  , 

,43 

4B 

63 

.  62 

12  . 

.  89 

21  . 

,  39 

2  . 

,  96 

5A 

63 

.  69 

10  , 

.67 

19  . 

,43 

5B 

63 

.58 

13  , 

.68 

22  , 

,  07 

4  . 

.01 

lA 

63 

.73 

12  , 

.  06 

20  . 

,87 

IB 

63 

.  74 

12  . 

.35 

20  . 

,  60 

0  . 

,  40 

2A 

63 

.  78 

11  , 

.87 

21  . 

00 

Orange  E 


69 


Purple  A 


Purple  B 


Purple  C 


Purple  D 


2B 

63 . 71 

12 

.  49 

20 

.  4  6 

0 

.83 

3A 

63.81 

11 

.  53 

21 

.  30 

3B 

63 . 72 

12 

.  80 

20 

.  16 

1 

.71 

4A 

63 . 91 

10 

.81 

21 

.88 

4B 

63 .72 

12 

.  80 

20 

.  16 

2 

.  64 

5A 

63 .91 

10 

.81 

21 

.  88 

5B 

63.69 

13 

.  36 

19 

.  56 

3 

.45 

lA 

46 .25 

12 

.77 

-13 

.47 

IB 

46 .81 

12 

.  70 

-13 

.38 

0 

.57 

2A 

46 . 09 

12 

.73 

-13 

.47 

2B 

46 .93 

12 

.73 

-13 

.39 

0 

.  84 

3A 

45 . 56 

12 

.77 

-13 

.  54 

3B 

47.47 

12 

.75 

-13 

.  34 

1 

.  92 

4A 

44 . 60 

12 

.75 

- 13 

.58 

4B 

47.47 

12 

.75 

-13 

.  34 

2 

.  88 

5A 

44 . 60 

12 

.75 

-13 

.58 

5B 

48 . 44 

12 

.75 

-13 

.23 

3 

.  86 

lA 

46 . 30 

12 

.  45 

-13 

.  30 

IB 

46 . 24 

12 

.98 

-13 

.  38 

0 

.  54 

2A 

46.29 

12 

.  17 

-13 

.22 

2B 

46 .36 

13 

.18 

-13 

.  40 

1 

.  03 

3A 

46 .25 

11 

.  68 

-13 

.18 

3B 

46 . 34 

13 

.72 

-13 

.45 

2 

.  06 

4A 

46 .27 

10 

.  74 

-13 

.08 

4B 

46 . 34 

13 

.72 

-13 

.  45 

3 

.  00 

5A 

46.27 

10 

.  74 

-13 

.  08 

5B 

46 . 44 

14 

.  77 

-13 

.63 

4 

.  07 

lA 

46 . 14 

12  , 

.48 

-13 

.55 

IB 

46 . 24 

12  , 

.  59 

-13  , 

.  14 

0  , 

.  44 

2A 

46 . 16 

12  , 

,  45 

- 13  , 

.77 

2B 

46 . 24 

12  . 

57 

- 12  . 

,87 

0  . 

91 

3A 

46 . 16 

12  . 

44 

-14  . 

30 

3B 

46.33 

12  . 

69 

- 12  . 

46 

1  . 

86 

4A 

46 . 09 

12  . 

42 

-15  . 

34 

4B 

46.33 

12  . 

69 

- 12  . 

46 

2  . 

90 

5A 

46.09 

12  . 

42 

- 15  . 

34 

5B 

46 .32 

12  . 

77 

-11  . 

55 

3  . 

81 

lA 

4  6.44 

12  . 

53 

-13  . 

57 

IB 

46 . 53 

12  . 

84 

-13  . 

27 

0  . 

44 

2A 

46 .48 

12  . 

33 

-13  . 

68 

2B 

46 . 52 

13  . 

02 

-13  . 

12 

0  . 

89 

3A 

46 .45 

11  . 

94 

- 13  . 

95 

3B 

46.58 

13  . 

42 

-12  . 

87 

1  . 

84 

4A 

46.45 

11  . 

94 

-13  . 

95 

4B 

46 . 58 

13  . 

42 

-12  . 

87 

2  . 

77 

5A 

46 .45 

11  . 

94 

- 13  . 

95 

5B 

46 .71 

14  . 

10 

-12  . 

34 

3  . 

64 

lA 

46 .46 

12  . 

52 

-13  . 

36 

IB 

46.57 

12  . 

79 

-13  . 

74 

0  . 

48 

2A 

46 .48 

12  . 

40 

- 13  . 

19 

2B 

46 .62 

12  . 

90 

-13  . 

90 

0  . 

88 

3A 

46 . 54 

12  . 

01 

-12  . 

75 

Purple  E 


70 


Red  A 


Red  B 


Red  C 


Red  D 


Red  E 


3B 

46 . 64 

4A 

46.43 

4B 

46 . 64 

5A 

46.43 

5B 

46 .77 

lA 

41.95 

IB 

42 . 62 

2A 

41.75 

2B 

42 .73 

3A 

41 . 26 

3B 

43 . 27 

4A 

40 . 29 

4B 

43 . 27 

5A 

40 .29 

5B 

44 .21 

lA 

41 . 52 

IB 

41 .51 

2A 

41 . 58 

2B 

41.43 

3A 

41.40 

3B 

41 . 51 

4A 

41.38 

4B 

41 .51 

5A 

41 . 38 

5B 

41 .55 

lA 

41 .20 

IB 

41.22 

2A 

41 . 22 

2B 

41.21 

3A 

41 . 18 

3B 

41 .21 

4A 

41 .27 

4B 

41 .21 

5A 

41 .27 

5B 

41.14 

lA 

41 . 82 

IB 

41 .89 

2A 

41 .88 

2B 

41 .82 

3A 

41 . 83 

3B 

41 . 92 

4A 

41 . 90 

4B 

41 . 92 

5A 

41 . 90 

5B 

41 .91 

lA 

41 . 94 

IB 

41 .88 

2A 

41.87 

2B 

42 . 01 

3A 

41.84 

3B 

41 .95 

4A 

41 .79 

13 

.  26 

- 14 

.  34 

2 

.  02 

11 

.44 

-12 

.  00 

13 

.26 

- 14 

.  34 

2 

.  97 

11 

.44 

-12 

.  00 

13 

.81 

-15 

.  09 

3 

.91 

36 

.06 

20 

.  50 

35 

.  93 

20 

.  38 

0 

.  69 

35 

.  98 

20 

.42 

35 

.  85 

20 

.  30 

1 

.  00 

35 

.  94 

20 

.38 

35 

.  91 

20 

.39 

2 

.  01 

35 

.  89 

20 

.  36 

35 

.91 

20 

.  39 

2 

.98 

35 

.  89 

20 

.36 

35 

.  92 

20 

.  46 

3 

.92 

35 

.  50 

20 

.  35 

36 

.  01 

20 

.  43 

0 

.52 

35 

.26 

20 

.  37 

36 

.  35 

20 

.  54 

1 

.  11 

34 

.  86 

20 

.48 

36 

.79 

20 

.  45 

1 

.93 

33 

.  86 

20 

.49 

36 

.79 

20 

.  45 

2 

.93 

33 

.  86 

20 

.49 

37 

.78 

20 

.43 

3 

.92 

35 

.  84 

20 

.  40 

35 

.  81 

20 

.  90 

0 

.  50 

35 

.95 

20  , 

.26 

35 

,  80 

21 . 

.13 

0  , 

.88 

35  , 

.99 

19  . 

.  73 

35  . 

,92 

21  . 

80 

2  . 

,07 

35  , 

,87 

18  . 

40 

35  . 

92 

21 . 

80 

3  . 

40 

35  . 

87 

18  . 

40 

36  . 

03 

22  . 

93 

4  . 

53 

35  . 

78 

20  . 

36 

35  . 

98 

20  . 

54 

C 

1  .  28 

35  . 

57 

20  . 

13 

36  . 

31 

20  . 

90 

1  . 

07 

35  . 

34 

19  . 

86 

36  . 

56 

21  . 

17 

1  . 

79 

34  . 

46 

18  . 

87 

36  . 

56 

21  . 

17 

3  . 

11 

34  . 

46 

18  . 

87 

37  . 

34 

21  . 

95 

4  . 

22 

35  . 

84 

20. 

67 

36  . 

14 

20  . 

33 

0  . 

46 

35  . 

66 

20. 

85 

36  . 

14 

19  . 

96 

1  . 

02 

35  . 

34 

21  . 

26 

36  . 

57 

19  . 

63 

2  . 

04 

34  . 

73 

22  . 

04 

71 


Yellow  A 


Yellow  B 


Yellow  C 


Ye  1 low  D 


4B 

41 . 95 

5A 

41 . 79 

5B 

41 . 90 

lA 

77.99 

IB 

78 . 54 

2A 

77 .73 

2B 

78 . 81 

3A 

77 . 24 

3B 

79 .26 

4A 

76 . 16 

4B 

79 .26 

5A 

76 . 16 

5B 

80 . 33 

lA 

78 . 32 

IB 

78 . 32 

2A 

78 .27 

2B 

78 . 30 

3a 

78.23 

3B 

78 .35 

4A 

78 . 16 

4B 

78.35 

5A 

78 . 16 

5B 

78.47 

lA 

78.43 

IB 

78.47 

2A 

78  .  38 

2B 

78.51 

3A 

78.31 

3B 

78 . 64 

4A 

78 .21 

4B 

78 . 64 

5A 

78.21 

5B 

78 .78 

lA 

78.69 

IB 

78 . 72 

2k 

78 . 70 

2B 

78.73 

3A 

78 .37 

3B 

78.75 

4A 

78 . 30 

4B 

78.75 

5A 

78 . 30 

5B 

78  .  93 

lA 

78.49 

IB 

78 . 55 

2A 

78 . 55 

2B 

78.53 

3A 

78.48 

3B 

78 . 50 

4A 

78 . 55 

4B 

78.50 

5A 

78  .  55 

36 .57 

19 

'  .63 

3 

.04 

34,73 

22 

.  04 

37 . 30 

18 

.  89 

4 

.  07 

1 . 39 

37 

.05 

1  .  50 

37 

.  11 

0 

.56 

1 . 28 

37 

.02 

1 . 59 

37 

.17 

1 

.13 

1 . 18 

36 

.  90 

1  .82 

37 

.  30 

2 

.16 

0 .92 

36 

.79 

1 . 82 

37 

.  30 

3 

.27 

0 . 92 

36 

.79 

2  .  15 

37 

.61 

4 

.  42 

1 . 04 

37 

.  12 

1  .  64 

37 

.23 

0 

.61 

0 . 74 

37 

.  12 

1 .95 

37 

.  30 

1 

.22 

0 . 16 

37 

.  02 

2 .51 

37 

.43 

2 

.39 

0 . 98 

36 

.87 

2 .51 

37 

.43 

3 

.  54 

0 . 98 

36 

.87 

3 . 71 

37 

.  73 

4 

.  78 

1  .  56 

35 

.15 

1 .65 

35 

.  70 

0 

.56 

1  .55 

34, 

.  90 

1 . 64 

35 

.  94 

1 

.  05 

1  .51 

34  , 

38 

1  .69 

36  , 

49 

2  , 

.  14 

1  .  50 

33  . 

36 

1.69 

36  . 

49 

3  . 

17 

1  .  50 

33  . 

36 

1 . 82 

37  . 

69 

4  . 

38 

0 .99 

34  . 

08 

1  .28 

34  . 

48 

0  . 

49 

0 . 84 

33  . 

91 

1 .47 

34  . 

61 

0  . 

94 

0 . 54 

33  . 

47 

1 .85 

35  . 

04 

2  . 

08 

0 .07 

32  . 

78 

1  .85 

35  . 

04 

3  . 

00 

0 . 07 

32  . 

78 

2  .55 

35  . 

88 

4  . 

11 

1 . 68 

33  . 

78 

2 . 00 

33  . 

48 

0  . 

44 

1 .47 

33  . 

90 

2 . 17 

33  . 

37 

0  . 

88 

1  .  12 

34  . 

19 

2  .53 

33  . 

09 

1  . 

79 

0 . 38 

34  . 

78 

2  .  53 

33  .  1 

09 

2  . 

74 

0 . 38 

34  . 

78 

Ye  1 low  E 


72 


Yellow- 
Green  A 


Yellow- 
Green  B 


Ye  1 low  - 
Green  C 


Yellow- 
Green  D 


Yellow- 
Green  E 


5B 

78  .  50 

lA 

64.37 

IB 

64.84 

2A 

64 . 14 

2B 

65 . 08 

3A 

63.63 

3B 

65.62 

4A 

62 . 64 

4B 

65 . 62 

5A 

62 . 64 

5B 

66 .63 

lA 

64 . 65 

IB 

64.78 

2A 

64.77 

2B 

64 . 68 

3A 

64 .69 

3B 

64.76 

4A 

64 . 74 

4B 

64.76 

5A 

64 . 74 

5B 

64.64 

lA 

64 .76 

IB 

64 .77 

2A 

64 . 76 

2B 

64 . 76 

3A 

64 . 80 

3B 

64 .70 

4A 

64 . 80 

4B 

64 . 70 

5A 

64 . 80 

5B 

64 .71 

lA 

64 . 92 

IB 

64 . 78 

2A 

64.96 

2B 

64 . 72 

3A 

64 .98 

3B 

64 . 70 

4A 

65.01 

4B 

64 . 70 

5A 

65 . 01 

5B 

64 .58 

lA 

64 . 86 

IB 

64 . 86 

2A 

64 .88 

2B 

64 .76 

3A 

64 .97 

3B 

64 . 80 

4A 

65 . 02 

4B 

64 . 80 

5A 

65 . 02 

5B 

64 .75 

3 

.21 

32 

.  58 

3 

.58 

-  9 

.  97 

13 

.  40 

-  10 

.  01 

13 

.  41 

0 

.47 

-  9 

.96 

13 

.  34 

-10 

.  07 

13 

.41 

0 

.  95 

-  9 

.  90 

13 

.  38 

-10 

.  13 

13 

.  45 

2 

.  00 

-  9 

.  80 

13 

.  32 

-10 

.  13 

13 

.45 

3 

o 

o 

-  9 

.  80 

13 

.  32 

-10 

.  28 

13 

.48 

4 

.  02 

-10 

.  15 

13 

.51 

-  9 

.83 

13 

.45 

0 

.  35 

- 10 

.28 

13 

.  47 

-  9 

.  65 

13 

.  44 

0 

.  64 

-10 

.  66 

13 

.  60 

-  9 

.  37 

13 

.  38 

1 

.31 

-11 

.  31 

13 

.69 

-  9 

.  37 

13 

.  38 

1 

.  96 

-11 

.31 

13 

.  69 

-  8 

.73 

13 

.  33 

2 

.61 

-10 

.  34 

13 

.  11 

-  10 

.  33 

13 

.  50 

0  , 

.  39 

-10  , 

.33 

12  , 

.  89 

-10, 

.33 

13  , 

.72 

0  , 

.83 

-10  . 

,  34 

12  , 

,49 

-10  , 

.31 

14  , 

.  16 

1  , 

.67 

- 10  , 

.33 

11  . 

,  74 

-10  , 

31 

14  . 

,  16 

2  . 

42 

- 10  . 

33 

11  . 

,  74 

-10  . 

30 

15  . 

04 

3  . 

30 

-10  . 

24 

13  . 

32 

-  9  . 

94 

13  . 

54 

0  . 

40 

- 10  . 

36 

13  . 

17 

-  9  . 

81 

13  . 

66 

0  . 

77 

-10  . 

63 

12  . 

97 

-  9  . 

52 

13  . 

96 

1  . 

51 

-11  . 

10 

12  . 

50 

-  9  . 

52 

13  . 

96 

2  . 

17 

- 11  . 

10 

12  . 

50 

-  8  . 

95 

14  . 

46 

2  . 

94 

-10  . 

06 

13  . 

51 

-  9  . 

83 

13  . 

21 

0  . 

38 

-  10  . 

16 

13  . 

67 

-  9  . 

72 

13  . 

04 

0  . 

78 

-  10  . 

39 

14  . 

00 

-  9  . 

47 

12  . 

68 

1  . 

62 

- 10  . 

90 

14  . 

76 

-  9  . 

47 

12  . 

68 

2  . 

53 

-10. 

90 

14  . 

76 

-  9  . 

07 

12  . 

05 

3  . 

28 

73 


APPENDIX  B 


Main  Experitnent  Sample  Pair  Measurements 


Color 

Vector 

Samples  A&B 
(Paired)  L* 

* 

a 

b* 

E 

Anchor 

STDA 

49 . 53 

-  0.08 

5.65 

STDA 

48 . 89 

0 . 17 

4 . 90 

1 . 02 

Blue  A 

OOIA 

35 .69 

-  1.43 

-27.32 

OOIB 

35 .95 

-  1.39 

-27.31 

0 .26 

002A 

35 . 26 

-  1.52 

-27.28 

002B 

35 . 76 

-  1.46 

-27.26 

0 . 50 

003A 

36 . 33 

-  1.32 

-27.32 

003B 

37 . 06 

-  1.15 

-27.30 

0.75 

004A 

36 . 11 

-  1.36 

-27.31 

004B 

37 . 10 

-  1.15 

-27.29 

1 . 01 

005A 

35 . 90 

-  1.39 

-27.31 

005B 

37 . 10 

-  1.15 

-27.29 

1  .22 

006A 

34 .28 

-  1.63 

-27.28 

006B 

35 . 95 

-  1.39 

-27.39 

1 . 69 

007A 

34 . 34 

-  1.63 

-27.24 

007B 

36 . 30 

-  1.31 

-27.31 

1  .99 

Blue  B 

008A 

35 . 86 

-  1.39 

-27.13 

008B 

35 . 80 

-  0.84 

-27.16 

0.53 

009A 

35  .  82 

-  1.10 

-27.16 

009B 

35 . 84 

-  0.28 

-27.18 

0 .82 

OlOA 

35  .  80 

-  1.41 

-27.10 

OlOB 

35 . 84 

-  0.27 

-27.19 

1 . 14 

OllA 

35 .83 

-  1.68 

-27.11 

OllB 

35 . 84 

-  0.28 

-27.18 

1 . 40 

012A 

35 . 90 

-  3.73 

-26.93 

012B 

35.85 

-  1.98 

-27.03 

1  .75 

013A 

35.83 

-  1.12 

-27.16 

013B 

35  .  84 

0 . 84 

-27.24 

1 .96 

014A 

35 . 90 

-  3.73 

-26.93 

014B 

35.86 

-  1.39 

-27.13 

2 .35 

Blue  C 

015A 

35 . 91 

-  1.58 

-27.16 

015B 

35  .  84 

-  1.45 

-26.70 

0.48 

016A 

35 . 90 

-  1.61 

-27.14 

016B 

35.68 

-  1.20 

-26.05 

1  .  19 

017A 

35 . 89 

-  1.64 

-27.42 

017B 

35.75 

-  1.21 

-26.02 

1 .47 

74 


018A  36 

018B  35 

019A  35 

019B  35 

020A  36 

020B  35 

021A  36 

021B  35 

Blue  D  022A  35 

022B  35 

023A  35 

023B  35 

024A  35 

024B  35 

025A  35 

025B  35 

026A  35 

026B  35 

027A  35 

027B  35 

028A  36 

028B  35 

Blue  E  029A  36 

029B  36 

030A  36 

030B  36 

031A  36 

031B  36 

032A  36 

032B  36 

033A  36 

033B  36 

034A  36 

034B  36 

035A  36 

035B  36 

036A  36 

036B  36 

Cyan  A  03  7A  50 

037B  51 

038A  49 

038B  50 

039A  50 

039B  51 

040A  50 

040B  51 

041A  50 

041B  51 

042 A  48 

042B  50 

043A  48 

043B  50 


12 

-  2 

.  09 

-28 

.  80 

90 

-  1 

.61 

-27 

.  14 

1 

.  74 

98 

-  1 

.  78 

-27 

.  88 

75 

-  1 

.  21 

-26 

.  02 

1  , 

.  96 

12 

-  2 

.09 

-28 

.  80 

84 

-  1 

.45 

-26 

.  70 

2  , 

.  21 

12 

-  2 

.  09 

-26 

.  70 

76 

-  1 

.41 

-26 

.  47 

2  , 

,45 

99 

-  2 

.40 

-28 

.  37 

95 

-  2 

.  16 

-28 

.  13 

0  , 

.  34 

96 

-  1 

.89 

-27 

.88 

99 

-  1 

.  64 

-27 

.  54 

0  , 

.42 

97 

-  2 

.  14 

-  28 

.11 

99 

-  1 

.  64 

-27 

.  54 

0 

.  76 

99 

-  2 

.  40 

-28 

.  37 

96 

-  1 

.  64 

-27 

.  59 

1  . 

.  09 

96 

-  1 

.  64 

-  27 

.  59 

98 

-  0 

.79 

-26 

.  72 

1  , 

.22 

99 

-  2 

.40 

-28 

.  37 

99 

-  1 

.40 

-  27 

.  27 

1  . 

.49 

06 

-  2 

.  98 

-28 

.  92 

96 

-  1 

.  64 

-27 

,  59 

1  . 

.  89 

20 

-  2 

.73 

-25 

,  75 

35 

-  1 

.88 

-28 

,  16 

1  . 

,  47 

21 

-  2 

.  71 

-25 

.  76 

23 

-  2 

.  08 

-27 

.65 

1  , 

.99 

20 

-  2 

.  73 

-25 

.  75 

35 

-  1 

.88 

-28 

.  16 

2  , 

.  56 

20 

-  2 

.  73 

-25 

.  75 

36 

-  1 

.  80 

-  28 

.42 

2  , 

.83 

25 

-  2 

,  18 

-27 

.  37 

36 

-  1 

.  11 

-30 

.23 

3 

.  06 

21 

-  2 

.  73 

-25 

.  75 

35 

-  1 

.  57 

-29 

.03 

3  , 

.48 

22 

-  2 

.  39 

-  26 

.  79 

36 

-  1 

.  11 

-  30 

.  23 

3  . 

.  67 

21 

-  2 

.  73 

-25 

.75 

46 

-  1 

.12 

-  30 

.19 

4 

.73 

83 

-  16 

.  22 

- 11 

,25 

08 

- 16 

.  19 

- 11 

,  24 

0  , 

.  25 

72 

- 16 

.  24 

- 11 

.  18 

22 

- 16 

.  23 

- 11 

,  21 

0  , 

.  50 

83 

- 16 

.  22 

- 11 

.  25 

58 

- 16 

,  17 

- 11 

.  26 

0  , 

.  75 

61 

- 16 

.21 

- 11 

,  22 

5  8 

- 16 

,  17 

-11 

,  26 

0  , 

,  97 

37 

- 16 

.  24 

-11 

.22 

58 

-16 

.  17 

- 11 

,  26 

1  , 

,  21 

81 

- 16 

,  26 

- 11 

,  14 

37 

-  16 

,  24 

- 11 

,  22 

1  . 

,  56 

81 

-  16 

,  26 

- 11 

,  14 

61 

-  16 

,  21 

- 11 

22 

1  . 

80 

75 


Cyan  B 


Cyan  C 


Cyan  D 


Cyan  E 


044A 

50.83 

-17.13 

-11.03 

044B 

50 . 79 

-16.41 

-11.09 

0 .72 

045A 

50 .83 

-17.13 

-11.03 

045B 

50.75 

-16.17 

-11.08 

0 . 96 

04  6  A 

50.91 

-18.05 

-10.98 

046B 

50 .79 

-16.63 

-11.07 

1 .43 

047A 

50 . 75 

-16.17 

-11.08 

047B 

50 . 64 

-14.38 

-11.16 

1 . 80 

048A 

50 .95 

-18.03 

-10.99 

048B 

50.74 

-15.99 

-11.08 

2 .05 

049A 

50 . 79 

-16.63 

-11.07 

049B 

50 . 64 

-14.38 

-11.16 

2 . 26 

050A 

50.91 

-18.05 

-10.98 

050B 

50.77 

-15.73 

-11.12 

2.33 

051A 

50 . 60 

-16.01 

-10.79 

051B 

50.58 

-15.74 

-10.08 

0 . 76 

052A 

50 . 64 

-16.18 

-11.21 

052B 

50 . 58 

-15.74 

-10.08 

1 .21 

053A 

50 .75 

-16.41 

-11.92 

053B 

50.61 

-15.93 

-10.54 

1 .47 

054A 

50 . 60 

-16.01 

-10.79 

054B 

50 .53 

-15.37 

-  9.16 

1.75 

055A 

50 .75 

-16.43 

-11.91 

055B 

50.55 

-15.74 

-10.10 

1 .95 

056A 

50 .73 

-16.24 

-11.43 

056B 

50.53 

-15  37 

-  9.16 

2 . 44 

057A 

50 . 81 

-16.76 

-12.86 

057B 

50.55 

-15.74 

-10.10 

2 .95 

058A 

50 . 73 

-16.57 

-11.44 

058B 

50 . 64 

-15.81 

-10.80 

1 . 00 

059A 

50 . 64 

-16.40 

-11.29 

059B 

50 .77 

-15.30 

-10.52 

1  .  35 

060A 

50 .67 

-17.06 

-11.74 

060B 

50 .66 

-15.80 

-10.82 

1  .  56 

061A 
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201A 

46.44 

12.53 

-13.57 

201B 

46 . 71 

14 . 10 

-12.34 

2 . 01 

202A 

46 . 54 

12 . 00 

-12.74 

202B 

46 . 60 

12 . 76 

-13.73 

1 .25 

203A 

46 . 54 

12 . 34 

-13.15 

203B 

46 . 64 

13 . 25 

-14.33 

1 . 49 

204A 

46 . 60 

12 .76 

-13.73 

204B 

46 .77 

13 .81 

-15.09 

1  .  73 

205A 

46 . 54 

12 . 00 

-12.74 

205B 

46 . 64 

13.25 

-14.33 

2 .02 

206A 

46.47 

11.43 

-11.97 

206B 

46 .57 

12 .79 

-13.74 

2 .23 

207A 

46.47 

11.43 

-11.97 

207B 

46 . 61 

12 . 90 

-13.91 

2 . 44 

208A 

46 .48 

11.44 

-12.00 

208B 

46 . 73 

13 .15 

-14.27 

2 . 85 

209A 

46 . 51 

12 .03 

-12.75 

209B 

46 . 68 

13.91 

-15.13 

3 . 04 

210A 

46.48 

11 . 44 

-12.00 

210B 

46 .77 

13 . 81 

-15.09 

3  .91 

211A 

42 . 29 

36 . 02 

20 . 43 

211B 

42 . 62 

35.93 

20 . 38 

0 .35 

212A 

41 . 26 

35  .  94 

20 .38 

212B 

41.75 

35 . 98 

20.42 

0 . 49 

213A 

41.83 

36 .01 

20.45 

213B 

42 . 59 

35.97 

20 .42 

0 .76 

214A 

41.75 

35 . 98 

20 .42 

214B 

42.73 

35  .  85 

20 . 30 

1 . 00 

215A 

41.26 

35.94 

20 . 38 

215B 

42 . 52 

35.88 

20 . 35 

1  .  26 

216A 

41 . 75 

35  .  98 

20 . 42 

216B 

43 .27 

35.91 

20 . 39 

1  .52 

217A 

41 .26 

35.94 

20 . 38 

217B 

43 .27 

35.91 

20 . 39 

2 . 01 

218A 

41.51 

36 . 01 

20 .43 

218B 

41.42 

36.75 

20.43 

0 .75 

219A 

41 . 52 

35  .  50 

20.35 

219B 

41.42 

36.75 

20.43 

1 .26 

220A 

41 . 58 

35.26 

20 . 37 

220B 

41.42 

36.75 

20 .43 

1 . 50 

221A 

41 .45 

36 . 00 

20.41 

221B 

41 .52 

37.75 

20 .41 

1.75 

222k 

41 .51 

35.73 

20 . 37 

222B 

41 . 52 

37.75 

20.41 

2 . 02 

22  3A 

41 .38 

33 . 86 

20 . 49 

223B 

41.51 

36.01 

20.43 

2  .15 

224A 

41 .58 

35.26 

20.37 

224B 

41 . 52 

37.75 

20 .41 

2 .49 

225A 

41.40 

34 .83 

20 . 46 

225B 

41.55 

37.80 

20.48 

2 .97 

Red  C 


Red  D 


Red  E 


Ye  1 low  A 


226A 

41.20 

35  .  84 

20.40 

226B 

41 .22 

35 . 81 

20 . 90 

0 . 50 

ink 

41 . 19 

35  .  94 

20 .22 

227B 

41 . 18 

35 . 88 

21.21 

0 . 99 

228a 

41 . 18 

35 . 99 

19 .73 

228B 

41 . 19 

35.88 

20 .97 

1 . 24 

229A 

41 .15 

35 . 94 

19 .65 

229B 

41 .21 

35 . 80 

21 . 13 

1 .49 

230a 

41 .25 

35 .91 

18.42 

230B 

41.19 

35 . 94 

20.22 

1 . 80 

231a 

41 . 27 

35.87 

18.40 

231B 

41 . 20 

35 . 84 

20 . 40 

2 . 00 

232a 

41 .15 

36 .01 

20.32 

232B 

41 . 17 

35.97 

22.86 

2 . 54 

233a 

41 . 82 

35  .  78 

20.36 

233B 

41 . 87 

36 . 57 

21 .18 

1 . 14 

234a 

41 . 82 

36.31 

20 . 90 

234B 

41 . 91 

37  .  34 

21 .95 

1 . 47 

235A 

41.83 

35  .  34 

19 . 86 

235B 

41 . 92 

36  .  56 

21.17 

1  .79 

236A 

41 . 90 

34 .46 

18 .87 

236B 

41 .91 

35  .  78 

20 . 34 

1  .  98 

237A 

41 . 82 

35.78 

20 . 36 

237B 

41 .91 

37  .  34 

21.95 

2 .23 

238A 

41 . 88 

35 . 57 

20 .13 

238B 

41 .91 

37  .  34 

21.95 

2  .  54 

2  39a 

41 .78 

35.38 

19  .  90 

239B 

41.81 

37.43 

22 . 04 

2 . 96 

240a 

41 . 94 

35  .  84 

20. 67 

240B 

41 . 89 

35.91 

20.42 

0 . 26 

241A 

41 . 87 

35.66 

20 . 85 

241B 

42 . 01 

36 . 14 

19 .96 

1 . 02 

242A 

41 . 84 

35 . 34 

21.26 

242B 

41.88 

36  .  14 

20.33 

1.23 

243A 

41 .79 

34.73 

22 . 04 

243B 

41.87 

35  .  66 

20 . 85 

1  .  51 

244A 

41 . 79 

34.73 

22 . 04 

244B 

41 . 94 

35 . 84 

20.67 

1  .  77 

245A 

41 . 84 

35  .  34 

21.26 

245B 

41.95 

36  .  57 

19.63 

2 . 04 

246A 

41 . 87 

35.66 

20 . 85 

246B 

41 . 90 

37.30 

18 .89 

2  .  56 

247A 

76 . 90 

4 .01 

3  5.11 

247B 

77  .  36 

4 . 02 

35 . 09 

0.46 

248A 

75 . 92 

4 . 02 

35.16 

248B 

76 . 66 

4.02 

35.15 

0 . 74 

249A 

75.92 

4 . 02 

35 . 16 

249B 

76 . 90 

4 . 01 

35  .  11 

0 . 98 

250A 

76 . 66 

4 . 02 

35  .  15 

250B 

77.91 

4 . 02 

35.13 

1  .25 

251A 

76 .43 

4 . 02 

35.13 

251B 

77.91 

4 . 02 

35.13 

1 .48 

Yellow  B 


Yellow  C 


Yellow  D 


Yellow  E 


252A 

77  .  16 

252B 

78 . 94 

253a 

76 . 90 

253B 

78 . 98 

254a 

78 . 27 

254B 

78.29 

255A 

78 .27 

255B 

78 . 31 

256A 

78 .27 

256B 

78 . 30 

257A 

78 . 31 

257B 

78 .36 

258A 

78 . 16 

258B 

78 .27 

259A 

78 . 11 

259B 

78.31 

260a 

78.23 

260B 

78 .35 

261a 

78 .33 

261B 

78.43 

262A 

78 .33 

262B 

78 . 50 

263A 

78 . 64 

263B 

78 .78 

264A 

78 .51 

264B 

78.76 

265A 

78.21 

265B 

78 . 50 

266a 

78.46 

266B 

78 .75 

267A 

78 . 17 

267B 

78 . 46 

268A 

78  .38 

268B 

78 . 75 

269A 

78.21 

269B 

78 . 64 

270A 

78 .37 

270B 

78 .69 

271A 

78 . 60 

271B 

78.75 

111k 

78 .69 

272B 

78.75 

213k 

78 . 30 

273B 

78 . 70 

274A 

78 . 30 

274B 

78.69 

2  75A 

78 .37 

275B 

78  .75 

276A 

78.58 

2  76B 

78.53 

277k 

78.55 

27  7B 

78 .48 

4 

.  02 

35 

.  14 

4 

.07 

35 

.  23 

1 

.78 

4 

.  01 

35 

.  11 

4 

.  07 

35 

.23 

2 

.08 

0 

.  16 

37 

.  02 

0 

.  79 

37 

.  10 

0 

.  64 

0 

.  16 

37 

.02 

1 

.  06 

37 

.  18 

0 

.91 

0 

.  74 

37 

.  12 

1 

.  95 

37 

.  30 

1 

.22 

1 

.06 

37 

.18 

2 

.  56 

37 

.44 

1 

.52 

0 

.98 

36 

.87 

0 

.  74 

37 

.  12 

1 

.  74 

0 

.93 

36 

.85 

1 

.  06 

37 

.  18 

2 

.  03 

0 

.  16 

37 

.02 

2 

.51 

37 

.43 

2 

.39 

1 

.  54 

34 

.40 

1 

.56 

35 

.  15 

0 

.76 

1 

.  54 

34 

.40 

1 

.  64 

35 

.41 

1 

.03 

1 

.69 

36 

.  49 

1 

.82 

37 

.69 

1 

.22 

1 

.  64 

35 

.  94 

1  , 

.85 

37 

.66 

1 

.75 

1 

.  50 

33 

.36 

1 

.  64 

35 

.41 

2 

.08 

1  , 

.63 

35 

.45 

1  , 

.83 

37  , 

.70 

2  , 

.28 

1  , 

,  47 

33  . 

.  33 

1  , 

.63 

35  . 

.45 

2  , 

.  50 

1  . 

,55 

34  . 

,  90 

1  . 

83 

37  . 

,  70 

2  . 

,  84 

1  . 

50 

33  . 

36 

1  . 

69 

36  . 

49 

3  . 

17 

0  . 

54 

33  . 

47 

0  . 

99 

34  . 

08 

0  . 

82 

1 . 

17 

34  . 

27 

1 . 

85 

35  . 

04 

1  . 

04 

0  . 

99 

34  . 

08 

1 . 

85 

35  . 

02 

1  . 

28 

0  . 

07 

32  . 

78 

0  . 

84 

33  . 

91 

1  . 

50 

0  . 

07 

32  . 

78 

0  . 

99 

34  . 

08 

1  . 

72 

0  . 

54 

33  . 

47 

1 . 

85 

35  . 

04 

2  . 

08 

1 . 

46 

33  . 

93 

2  . 

01 

33  . 

47 

0  . 

72 

0  . 

38 

34  . 

78 

1  . 

12 

34  . 

19 

0  . 

95 

Yellow- 
Green  A 


Yellow- 
Green  B 


Ye  1 low  - 
Green  C 


278a 

78  .  51 

278B 

78.53 

2  79A 

78 . 55 

279B 

78 . 55 

280a 

78 . 50 

280B 

78 . 50 

281a 

78.49 

281B 

78 . 50 

282A 

78.48 

282B 

78 . 50 

283a 

64 . 37 

283B 

64.65 

284a 

64.37 

284B 

64.84 

285A 

63.63 

285B 

64.37 

286a 

62 . 64 

286B 

63.63 

287a 

64 .37 

287B 

62 . 62 

288a 

65.08 

288B 

66 . 58 

289a 

63 .63 

289B 

62 . 62 

290a 

64.78 

290B 

64.74 

291a 

64 .65 

291B 

64. 76 

292A 

64 .69 

292B 

64 . 68 

293a 

64 . 80 

293B 

64 . 64 

294a 

64 . 74 

294B 

64 . 78 

295A 

64 . 74 

295B 

64 .68 

296a 

64.74 

296B 

64 .76 

297a 

64 .77 

29  7B 

64 . 70 

298a 

64 .75 

298B 

64 .71 

299a 

64 .76 

299B 

64 . 70 

300A 

64 .77 

300B 

64 .71 

301a 

64 . 80 

301B 

64 .77 

302a 

64 . 80 

302B 

64 . 76 

303a 

64 . 80 

303B 

64 . 70 

1 

.  11 

34 

.21 

2 

.01 

33 

.47 

1 

.  17 

0 

.  35 

34 

.  80 

1 

.47 

33 

.  90 

1 

.  44 

1 

.86 

33 

.  68 

3 

.21 

32 

.  58 

1 

.  74 

1 

.  68 

33 

.  78 

3 

.21 

32 

.  58 

1 

.  94 

1 

.  12 

34 

.  19 

3 

.21 

32 

.  58 

2 

.  64 

-  9 

.97 

13 

.40 

-  9 

.  99 

13 

.40 

0 

.28 

-  9 

.97 

13 

.40 

-10 

.  01 

13 

.41 

0 

.47 

-  9 

.  90 

13 

.  38 

-  9 

.  97 

13 

.  40 

0 

.  74 

-  9 

.  80 

13 

.  32 

-  9 

.  90 

13 

.  38 

1 

.  00 

-  9 

.  97 

13 

.  40 

-  10 

.  13 

13 

.45 

1 

.26 

-10 

.  07 

13 

.41 

-10 

.27 

13 

.  49 

1 

.  52 

-  9 

.  90 

13 

.  38 

-10 

.13 

13 

.45 

2 

.  00 

-  9 

.83 

13 

.45 

-  9 

.  34 

13  , 

.  39 

0 

,  50 

-10 

.  15 

13 

.  51 

-  9  , 

.  37 

13  , 

.38 

0, 

.  80 

-10, 

,66 

13  , 

.  60 

-  9  , 

,65 

13  , 

.  44 

1  , 

.  02 

- 10  . 

00 

13  , 

47 

-  8  . 

73 

13  . 

33 

1  . 

29 

-11  . 

31 

13  , 

69 

-  9. 

83 

13  . 

45 

1  . 

50 

- 11  . 

31 

13  . 

69 

-  9  . 

65 

13  . 

44 

1  . 

68 

-11. 

31 

13  . 

69 

-  9. 

37 

13  . 

38 

1  . 

96 

-10  . 

33 

13  . 

50 

-10. 

31 

14  . 

16 

0  . 

66 

-10  . 

33 

13  . 

13 

-10. 

32 

14  . 

15 

1  . 

02 

-10  . 

33 

12  . 

89 

-10  . 

31 

14  . 

16 

1  . 

27 

-  10  . 

33 

13  . 

50 

-10. 

30 

15  . 

04 

1  . 

54 

-10  . 

33 

11  . 

74 

-10  . 

33 

13  . 

50 

1  . 

76 

-10  . 

33 

11  . 

74 

-10  . 

33 

13  . 

72 

1  . 

98 

-10. 

33 

11  . 

74 

-10  . 

31 

14  . 

16 

2  . 

42 

85 


Yellow-  304A  64 

Green  D  304B  64 

305A  64 

305B  64 

306A  64 

306B  64 

307A  64 

307B  64 

308A  65 

308B  64 

309A  64 

309b  64 

310A  65 

310B  64 

Yellow-  311A  64 

Green  E  311B  64 

312A  65 

312B  64 

313A  64 

313B  64 

3 14A  64 

314B  64 

315A  64 

315B  64 

316A  65 

316B  64 

317A  65 

317B  64 


98  -10.63  12.97 

91  -10.11  13.45  0.71 

92  -10.24  13.32 

70  -9.52  13.96  0.99 

96  -10.36  13.17 

70  -  9.52  13.96  1.18 

98  -10.63  12.97 

70  -  9.52  13.96  1.51 

01  -11.10  12.50 

72  -9.81  13.66  1.76 

96  -10.36  13.17 

58  -  8.95  14.46  1.95 

01  -11.10  12.50 

70  -9.52  13.96  2.17 

82  -  9.94  13.35 

80  -  9.47  12.68  0.82 

02  -10.90  14.76 

86  -10.06  13.51  1.51 

86  -10.06  13.51 

75  -9.07  12.05  1.77 

88  -10.16  13.67 

75  -  9.07  12.05  1.96 

97  -10.39  14.00 

75  -  9.07  12.05  2.37 

02  -10.90  14.76 

80  -9.47  12.68  2.53 

04  -10.89  14.74 

76  -9.08  12.05  3.25 
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APPENDIX  C 


Rejection  Frequency  of  Pilot  Test 


Color  Approx.  Vector  Response 

Center  A  B  C  D  E 


Blue 

0 

.  5 

3 

0 

1 

2 

0 

1 

.  0 

5 

3 

1 

9 

1 

2 

.  0 

10 

9 

7 

9 

5 

3 

.  0 

10 

10 

10 

10 

14 

4 

.  0 

10 

9 

10 

10 

19 

Cyan 

0 

.  5 

3 

0 

0 

0 

0 

1  , 

.  0 

7 

0 

2 

0 

0 

2 

.  0 

10 

6 

7 

7 

4 

3 

.  0 

10 

10 

10 

10 

7 

4  , 

.  0 

10 

10 

10 

9 

7 

Gray 

0  . 

.  5 

0 

0 

0 

0 

0 

1  . 

,  0 

5 

8 

2 

2 

1 

2  . 

,  0 

10 

10 

4 

10 

6 

3  . 

.  0 

10 

10 

10 

10 

10 

4  . 

,  0 

10 

10 

10 

10 

10 

Green 

0  , 

,  5 

0 

1 

0 

0 

0 

1  . 

,  0 

8 

0 

0 

0 

0 

2  , 

.  0 

9 

8 

8 

7 

2 

3 

.  0 

10 

12 

10 

10 

9 

4  . 

,  0 

10 

18 

10 

10 

10 

Orange 

0  , 

,  5 

0 

0 

0 

0 

0 

1  , 

,  0 

6 

3 

1 

1 

3 

2  . 

.  0 

10 

8 

10 

6 

9 

3  . 

,  0 

10 

10 

10 

8 

9 

4  . 

,  0 

10 

10 

10 

9 

10 

Purple 

0  . 

,  5 

r> 

z. 

0 

0 

0 

0 

1  . 

,  0 

6 

0 

0 

1 

0 

2  . 

,  0 

9 

9 

10 

10 

1 

3  . 

0 

10 

10 

9 

10 

12 

4  . 

0 

10 

10 

10 

10 

15 
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Red 

0 . 5 

2 

1 

1 

0 

1 

1 . 0 

8 

1 

1 

0 

3 

2 . 0 

10 

5 

7 

3 

8 

3 . 0 

10 

9 

10 

10 

10 

4 . 0 

10 

10 

10 

10 

10 

Yell ow 

0 . 5 

0 

0 

0 

0 

0 

1 . 0 

6 

2 

2 

0 

0 

2 . 0 

10 

9 

10 

10 

7 

3 . 0 

10 

10 

20 

9 

9 

4 . 0 

10 

10 

20 

10 

10 

Yellow- 

0 . 5 

0 

0 

0 

0 

0 

Green 

1 . 0 

6 

0 

1 

0 

0 

2 . 0 

10 

6 

6 

6 

3 

3 . 0 

9 

9 

10 

10 

8 

4 . 0 

10 

10 

10 

9 

10 

NOTES  : 

-  Actual 

Eab  values  are 

listed  i  appendix  A. 

-  Sample 

sizes 

for 

each 

color  - 

difference 

pair 

were 

N  =  10 

except 

for 

samples  in 

the  Blue/E,  Green/B, 

Purple/E,  and 

Yellow/C 

vectors  which  were  N  = 

=  20  . 
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Color 

Center 


Blue 


APPENDIX  D 


Rejection  Frequency  of  Main  Experiment 


Vector  Sample  Freq.  of 

Set  #  Eg^b  Rejectn. 


001 

0 .26 

0 

002 

0 . 50 

10 

003 

0.75 

16 

004 

1 . 01 

27 

005 

1 . 22 

39 

006 

1 .69 

47 

007 

1 .99 

48 

008 

0 .53 

1 

009 

0 . 82 

5 

010 

1  .  14 

16 

Oil 

1 . 40 

31 

012 

1  .  75 

41 

013 

1 . 96 

46 

014 

2  .  35 

47 

015 

0.48 

0 

016 

1  .  19 

14 

017 

1 .47 

22 

018 

1  .  74 

30 

019 

1 .96 

41 

020 

2.21 

47 

021 

2 . 45 

50 

022 

0 . 34 

0 

023 

0 .42 

3 

024 

0.76 

5 

025 

1 . 09 

22 

026 

1.22 

39 

027 

1 . 49 

41 

028 

1 .89 

47 

029 

1.47 

1 

030 

1 .99 

8 

031 

2  .  56 

14 

032 

2  .83 

29 

033 

3 . 06 

33 

89 


Cyan 


A 


B 


C 


D 


034 

3 . 48 

41 

035 

3  .67 

45 

036 

4 . 73 

48 

037 

0 .25 

3 

038 

0 . 50 

6 

039 

0 . 75 

25 

040 

0 .97 

36 

041 

1.21 

47 

042 

1 . 56 

47 

043 

1 . 80 

50 

044 

0 .72 

1 

045 

0 .96 

3 

046 

1.43 

14 

047 

1  .  80 

37 

048 

2 . 05 

41 

049 

2 .26 

47 

050 

2.33 

48 

051 

0 .76 
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APPENDIX  E 


Software  Listinp:s 


PRINCIPAL  COMPONENTS  FORTRAN  PROGRAM: 

CHARACTER*50  FILENAME 
CHARACTER*5  STUFF 

DIMENSION  PRIN1(20),  MEAN(3),  EIGEN(3) 

REAL  MEAN,  NEWLCENTER,  NEWACENTER,  NEWBCENTER 

OPEN  (UNIT-7,  FILE- ' PLOT . OUT ' ,  STATUS- ' NEW ' ) 
OPEN  (UNIT-8,  FILE-'RECORD.OUT’ ,  STATUS- ’ NEW ' ) 

1000  TYPE*,  '  ENTER  FILENAME' 

ACCEPT  99,  FILENAME 

99  FORMAT(A) 

OPEN(UNIT-3,  FILE-FILENAME,  STATUS- ' OLD ' ) 

WRITE(7,  300)  FILENAME 
WRITE(8,  300)  FILENAME 
300  F0RMAT(1X,A) 

DO  100  1-1,4 

100  READ(3,*) 

READ(3 , 110)N 

110  FORMAT(7X, 12) 

DO  120  1=1,8 
120  READ (3,*) 

READ(3,130)  (MEAN(J) , J-1 , 3) 

130  FORMAT(23X, 3F14. 5) 

WRITE(8,140)  (MEAN(J) , J-1 , 3) 

140  F0RMAT(1X, 'MEAN  L*  a*  b*:',  3F10.2) 

DO  150  1=1,19 
150  READ(3,*) 

READ(3,160)  VALUE 
160  F0RMAT(68X,F7 . 5) 

WRITE(8,165)  VALUE 

165  FORMAT( IX ,' EIGENVALUE  1ST  COMPONENT :', F8 . 5 ) 

DO  170  1-1,9 
170  READ(3,*) 

DO  180  J-1, 3 

180  READ(3,190)  EIGEN(J) 

190  FORMAT(23X,F14. 5) 


WRITE(8,200)  (EIGEN(J) . J-1 , 3) 

200  FORMAT( IX EIGENVECTORS  1ST  COMPONENT 3 FI 0 . 5 ) 

DO  210  1-1,4 
210  READ(3,*) 

DO  220  J-1,N 

220  READ(3,*)NO,  PRINl(J) 

NEWLCENTER-MEAN(1)+PRIN1(N)*EIGEN( 1) 
NEWACENTER-MEAN(2)+PRIN1 (N)*EIGEN(2 ) 
NEWBCENTER-MEAN(3)+PRIN1 (N)*EIGEN(3) 

WRITE(8 , 230)NEWLCENTER.NEWACENTER,NEWBCENTER 
230  F0RMAT(1X,  'COLOR  CENTER  L*  a*  b*  on  ve c t o r  :  '  ,  3 F 1 0 . 2 ) 

TYPE*,  '  ENTER  DELTAE' 

ACCEPT* , AIMDE 
WRITE(8,240)  AIMDE 

240  FORMAT ( IX ,' DELTA  E  AT  LD50:',  F8.5) 

TYPE*,  '  ENTER  LOWER  CONFIDENCE  LIMIT' 

ACCEPT*,  CFL 
WRITE(8,250)  CFL 

250  F0RMAT( IX ,' LOWER  FIDUCIAL  LIM I T ; ' , F8 . 5 ) 

TYPE*,  '  ENTER  UPPER  CONFIDENCE  LIMIT' 

ACCEPT*,  CFH 
WRITE(8,260)  CFH 

260  FORMATdX,  'UPPER  FIDUCIAL  LIMIT  :  '  ,  F8  .  5  ) 

E  -  0  . 

270  E  -  E  +  0.01 

TOLPL  -  NEWLCENTER  +  PRINl(N)  *  EIGEN(l)  *  E 

TOLPA  =  NEWACENTER  +  PRINl(N)  *  EIGEN(2)  *  E 

TOLPB  -  NEWBCENTER  +  PRINl(N)  *  EIGEN(3)  *  E 

DL-NEWLCENTER  -  TOLPL 
DA-NFWACENTER  -  TOLPA 
DB-NEWBCENTER  -  TOLPB 
D-SQRT(DL**2 . +DA**2 . +DB**2 . ) 

IF  (D.  LT.  AIMDE)  GO  TO  270 

TOLPL  -  NEWLCENTER  +  PRINl(N)  *  EIGEN(l)  *  E  *  5. 

TOLPA  -  NEWACENTER  +  PRINl(N)  *  EIGEN(2)  *  E  *  5. 

TOLPB  -  NEWBCENTER  +  PRINl(N)  *  EIGEN(3)  *  E  *  5. 

PCSTAR  -  SQRT(TOLPA**2 .  +  TOLPB**2 . ) 

WRITE(7,280)  TOLPL,  TOLPA,  TOLPB,  PCSTAR 
280  FORMAT( IX , 4F8 . 2 ) 

E  -  0. 

290  E  -  E  +  0 . 01 

TOLPL  -  NEWLCENTER  -  PRINl(N)  *  EIGEN(l)  *  E 

TOLPA  -  NEWACENTER  -  PRINl(N)  *  EIGEN(2)  *  E 
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TOLPB  -  NEWBCENTER  -  PRINl(N)  *  EIGEN(3)  *  E 

DL-NEWLCENTER  -  TOLPL 
DA-NEWACENTER  -  TOLPA 
DB-NEWBCENTER  -  TOLPB 
D  =  SQRT(DL**2 . +DA**2 . +DB**2  .  ) 

IF  (D  LT.  AIMDE)  GO  TO  290 

TOLPL  =  NEWLCENTER  +  PRINl(N)  *  EIGEN(l)  *  E  *  5. 

TOLPA  =  NEVACEKTER  +  PRINl(N)  *  EIGEN(2)  *  E  *  5. 

TOLPB  -  NEWBCENTER  +  PRINl(N)  *  EIGEN(3)  *  E  *  5. 

PCSTAR  -  SQRT(TOLPA**2 .  +  TOLPB**2 . ) 

WRITE(7,280)  TOLPL,  TOLPA,  TOLPB,  PCSTAR 

CLOSE(UNIT-3) 

TYPE*,  '  MORE  TO  DO?  1  FOR  YES' 

ACCEPT*,  MORE 

IF  (MORE  .EQ.  1)  GO  TO  1000 

STOP 

END 


RANDOMIZE  SAMPLES  FORTRAN  INTERFACE  PROGRAM  TO  IMSL  GGPER: 

INTEGER  IPER(IO)  ,K 
DOUBLE  PRECISION  DSEED 
K-10 

DSEED-123457 . ODO 

CALL  GGPER(DSEED,K, IPER) 

WRITE(6 , 500) IPER 
500  FORMATdX,  13) 

STOP 

END 


PROBIT  ANALYSIS  SAS  PROGRAM: 

OPTIONS  NODATE  LINESIZE-80; 

DATA  COLPROB; 

FILENAME  COLPROB  ' BLA . DAT ' ; 
INFILE  COLPROB; 

INPUT  DELTAE  TOTALOBS  OBSFAIL; 
PROC  PROBIT; 

VAR  DELTAE  TOTALOBS  OBSFAIL; 
RUN  ; 

PROC  PRINT; 
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APPENDIX  F 


SAS  Probit  Analysis  Output  Listing:  Example 
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